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 LIST OF ABBREVIATIONS

(V)AF  – (variant) allele frequency
AG  – atrophic gastritis
AUC  – area under the curve
CAV1  – Caveolin 1
CDH1  – Cadherin 1 
cfDNA  – cell-free DNA
cfNA  – cell-free nucleic acids
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COSMIC  – Catalogue of Somatic Mutations in Cancer
ctDNA  – circulating tumour DNA
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GAPDH  – Glyceraldehyde-3-Phosphate Dehydrogenase
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IRF1  – Interferon Regulatory Factor 1
MDS  – multidimensional scaling analysis
miRNA  – microRNA
mRNA  – messenger RNA
MSI  – microsatellite instability
NGS  – next-generation sequencing
OLGA  – Operative Link on Gastritis Assessment
PALB2  – Partner and Localizer of BRCA2
PTEN  – Phosphatase and tensin homolog
ROC  – receiver operating characteristic
smRNA  – small RNA
TMB  – tumour mutational burden
TP53  – tumour protein p53
TSC1  – TSC Complex Subunit 1
TXNIP  – Thioredoxin Interacting Protein
UMI  – unique molecular identifier
UTR  – untranslated region
WB  – Western Blot
WBC  – white blood cell
WES  – whole exome sequencing
WGS  – whole genome sequencing
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 INTRODUCTION

It was shown in year 1948 by Mandel and Métais that fragments of cell-
free nucleic acids (cfNAs) could be detected in the bloodstream [1]. Later, 
in year 1991 the term “liquid biopsy” was introduced, when Sidransky et al. 
published results that DNA from urinary sediments of patients with invasive 
bladder cancer carried mutations in TP53 gene [2]. In the following decades, 
improving technologies led to a great variety of studies analysing possible 
cfNA application: from non-invasive prenatal testing (NIPT) and organ trans-
plantation monitoring [3–5] to detection and monitoring of many cancers [6]. 
Today, liquid biopsy is understood as an analysis of blood and other body 
fluids obtained in a non-invasive or minimally invasive manner to test the 
molecular landscape of solid tumours [7]. 

cfNAs are released during the cell apoptosis, necrosis, or even active se-
cretion, and reflects the genetics and epigenetics of the cell of origin [8–11] 
(Fig. 1.1.) Studies involving healthy individuals show that the highest frac-
tion is composed of cfDNA originating from haematopoietic cells [10], and 
cfDNA yield could increase after intense exercise, traumas, or tissue injury. 
Typical cfDNA size showed by gel electrophoresis is considered to be around 
180 bp [12–14], and corresponds to the length of DNA wrapped around a 
nucleosome plus linker DNA [15]. However, different fragmentation could 
be also observed: shorter fragments were detected in case of a tumour, fetal 
derived cfDNA [13,16], and organ transplantation [17]. Specific fragmen-
tation could be explained by differences in nucleosome wrapping and nu-
clease activity in different cells, especially cancer. After the cfDNA enters 
the blood circulation, the clearance is rapid: researches including analysis of 
Epstein-Barr virus and maternal DNA suggests that the half-life of cfDNA in 
the circulation is between 16 minutes and 2.5 hours [18–20]. It is important 
to note that this feature is considered as one of the most important charac-
teristics of cfDNA especially for the “real-time snapshot” applications and 
longitudinal sampling in patients’ care.

Regular monitoring of a disease state is extremely necessary for cancer pa-
tients’ care. Thus, tumour-derived cfDNA – named circulating tumour DNA 
(ctDNA) – could be a very promising molecular tool that would minimize 
the need of invasive interventions. ctDNA may originate from primary or 
metastatic lesions and circulating tumour cells. According to the literature 
the fraction of ctDNA varies from less than 0.1 % to more than 25 % [21,22]. 
Pioneer studies started with an evaluation of cfDNA and/or ctDNA yield dy-
namics. It was associated with tumour burden, reoccurrence, and response to 
therapy [21,23,24]. Recent technological improvement redirected a focus to 
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a deeper analysis of ctDNA. The development of next-generation sequencing 
(NGS) enabled not only single-gene and/or variant detection in the ctDNA 
but also the use of targeted panels or even whole-genome sequencing (WGS), 
and identification of a wide range of alterations including chromosomal aber-
rations, amplification, and gene rearrangements [6,25–28].

Apoptotic 
bodies

lncRNAs, 
miRNAs

cfDNA: point 
mutations, CNV

cfDNA: 
methylation 
changes

Exosomal 
DNA

Apoptosis

Necrosis

Secretion

Fig. 1.1. Origins and range of alterations in cell-free nucleic acids. 
Tumour cells release cfNA through a combination of apoptosis, necrosis, and secretion. In 
blood stream wide range of tumour-derived molecules and molecular aberrations could be 
detected. Adapted from Jonathan C. M. Wan, et al. 2017.

Alterations detected in circulating DNA represent genetic changes, which 
are only a subset of tumour-related molecular information. Besides the pos-
sibility to analyse the methylation status of cfDNA, blood-based microRNA 
(miRNA) profiling can also provide highly valuable epigenetic information. 
To date, more than 2 500 miRNAs are catalogued and associated with im-
portant biological processes (miRBase version 22, December 2021) [29]. A 
significant number of human transcripts are regulated by miRNAs showing 
the important role of these molecules in many physiological and pathological 



9

processes. Moreover, several characteristics make miRNA a great biomarker 
candidate. First, miRNAs are one of the most abundant RNA molecules in the 
blood. Also, the small size of miRNA molecules enables its reliable analysis 
in many different biological sources such as blood (total blood, plasma, or se-
rum), circulating exosomes, and even urine, saliva, and sputum [30]. Studies 
conducted by Lawrie et al. and Ghafouri-Fard et al. suggest that the profile 
of circulating miRNAs mirrors the profiles of tumour tissues, and could be 
implied for minimally invasive diagnostics [31,32]. However, not only dia-
gnostic but also therapeutic potential of miRNAs is important, there are se-
veral 1 and 2 phase trials of miRNA-based therapy for hepatitis C, hereditary 
nephritis, and other [33]. For this reason, functional analysis involving target 
prediction, and in vitro assays are of great importance.

Gastric cancer (GC) is one of the most common oncological diseases of 
the gastrointestinal tract in Lithuania and around the globe [34] (Fig. 1.2.). It 
is frequently diagnosed at the advanced stages and resulted in 768 000 deaths 
globally in 2020 (2020 GLOBOCAN data), which makes GC the third most 
common cause of cancer-related deaths [34]. In most cases GC development 
is a stepwise process and may involve conditions such as chronic gastric mu-
cosa inflammation, atrophic gastritis (AG), intestinal metaplasia (IM), and 
eventually GC. It is a complex disease arising from the interaction of envi-
ronmental (e. g. diet, high salt intake, etc.) and host-associated factors (e. g.
H. Pylori infection, genetics, age, etc.). In addition, GC is diagnosed two ti-
mes more often in males than in females [34]. 

Fig. 1.2. Estimated age-standardized incidence rates (ASR) 
of gastric cancer in both sexes, all ages, around the world. 

Data from GLOBOCAN 2020.



10

Only a small proportion (approx. 10 %) of GC cases are associated with 
family history and only 1–3 % have germline mutations – mostly in the 
CDH1 gene encoding E-cadherin [35]. Other genes that may be involved in 
hereditary diffuse GC pathogenesis include PALB2, FBXO24, DOT1-L genes 
[36,37]. However, in most inherited cases the underlying genetic alterations 
are unknown. Over the past decade, studies have contributed to a more com-
prehensive molecular picture of GC and showed that driver alterations, inclu-
ding but not limited to point the mutations, are mostly detected in oncogenes 
such as KRAS, PIK3CA, CTNBB1, ERBB3, etc., and tumour suppressors such 
as TP53, CDH1, ARID1A, FAT4, etc. [38] (Fig. 1.3.). Other genetic chan-
ges involve somatic copy number alterations (CNA), gene fusions, structural 
variants causing altered splicing, epigenetic (methylation status and miRNA 
deregulation), and transcriptional changes [38] (Fig. 1.3.).

Gastric 
cancer

miRNA:
Onco: miR21, 
miR27a, miR130b, 
miR365, miR200, 
miR210
Tumour-supp: 
miR375, miR486, 
miR204, miR29c

Mutations:
Onco: KRAS, 
PIK3CA, CTNBB1, 
NRG1, ERBB3, 
ERBB4, RHOA
Tumour-supp: TP53, 
CDH1, ARID1A, 
BCOR, FAT4, RNF43, 
MUC6

Gene fusion:
RAF fusions, 
CD44-SLC1A2, 
CLDN18-
ARHGAP26, 
ROS1 fusions

DNA methylation:
CHD1, RUNX3, 
p16, hMLH1, 
PLA2G2A, SULF2, 
BMP4CNV:

Amps: HER2, FGFR2, EGFR, 
METR, KRAS, NRAS, VEGFA, 
CCND1, CCNE1, CDK6,  GATA4, 
KLF5, OCT1
Dels: WWOX1, RB1, PARK2, 
FHIT, CDKN2A/B, PDE4D, 
miR101a

Transcription:
AMPK/HNF4a/Wnt5a 
pathway

Alternative 
splicing:
CD44, ZAK 
kinase, 
PPP1R1B-
STARD3

Fig. 1.3. Genetic and epigenetic characteristics of gastric cancer 
(adapted from Tan, P., and Yeoh K.G. 2015).
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Current diagnostics include histological examination after endoscopic 
biopsy and disease staging using computed tomography (CT), endoscopic ul-
trasound, positron emission tomography (PET), and laparoscopy. Despite the 
variety of instrumental examinations, there are still several highly important 
diagnostic issues: lethality that is associated with diagnosis at an advanced 
stage, and difficulty to detect complications such as minimal residual dis-
ease or tumour spread to the peritoneal cavity [39]. Conventional diagnos-
tic techniques or current molecular biomarkers have a very limited role for 
both, detecting GC at early stages and identifying its complications. More-
over, standard needle biopsies could be the source of some minor or major 
complications (e. g. pain, bleeding, or perforation) [40]. Taking all together, 
minimally invasive biomarkers that would help to improve GC patients’ care, 
diagnostics, and monitoring are highly needed. Many studies suggest that by 
implementing genetic [41–43] and epigenetic [44–46] molecular profiling, 
liquid biopsy assays could significantly contribute to the solution of many 
challenges associated with GC diagnostics and prognostics (e. g. early detec-
tion, treatment response monitoring, etc.) Finally, researches show progress 
in implementing a multi-omics approach not only for the cancer subtyping 
[47–49] but also for cancer diagnostics. For example, Cohen et al. developed 
a protein and cfDNA analysis-based CancerSEEK test that performance reve-
aled sensitivities from 69 % to 98 % and specificity > 99 % for the detection 
of eight common cancer types [50]. However, there are no studies implemen-
ting epigenetic, genetic, and protein multi-analyte analysis in the case of GC.

Therefore, in the present study we investigated the potential of liquid biop-
sy for GC in an extensive multi-level approach: from the analysis of the most 
suitable biological material and impact of blood processing to comparison of 
plasma and tissue molecular profiles, and even functional analysis in vitro. 
We employed comprehensive molecular tools (e. g. small RNA (smRNA), 
whole-exome sequencing (WES), real-time PCR (RT-PCR), etc.) for comple-
te GC and AG tissue miRNA profiling, altered miRNA validation in plasma, 
and plasma cfDNA mutational profile analysis. As a result, all this allowed 
us to implement optimized blood processing protocols, determine miRNAs 
that are altered during the gastritis-carcinoma sequence, show the role of two 
widely studied miRNAs in gastric carcinogenesis, evaluate plasma cfDNA 
somatic alterations, and reveal that qualitative and quantitative analysis of 
multi-layer molecular analytes might be a promising approach for GC disease 
state monitoring and prognosis.
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Aim and objectives
This study aimed to analyse the plasma cell-free nucleic acids for patients 

with gastric cancer and to evaluate the function as well as suitability of these 
markers for minimally invasive diagnosis and prognosis.

Objectives:
1. To investigate the microRNA profile in the tissues of patients with atro-

phic gastritis and gastric cancer compared with the control group.
2. To validate the expression of tissue-associated deregulated microRNAs 

in the blood plasma of gastric cancer patients and evaluate the functio-
nal role of specific microRNA in gastric carcinogenesis.

3. To determine gastric tissue DNA and plasma cell-free DNA mutational 
profiles in gastric cancer patients, and to evaluate plasma cell-free DNA 
association with clinical data.

4. To evaluate the applicability of multi-layer molecular profiling for gas-
tric cancer prognosis and disease state monitoring.
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 SCIENTIFIC NOVELTY

This study provides: (1) differential miRNA expression profiles in gas-
tric premalignant (atrophic gastritis), malignant (GC), and control (CON) 
cases and analysis of the most deregulated miRNAs in plasma for liquid 
biopsy approach; (2) novel findings that reveal the important role of 
hsa-miR-20b-5p and hsa-miR-451a-5p in gastric carcinogenesis, which may 
be used to develop a beneficial strategy for future cancer therapy; (3) insights 
regarding the urine collection as liquid biopsy source for cfDNA analysis; 
(4) optimized cfNA isolation protocols and detailed description of pre-pro-
cessing variables (storage, hemolysis, and isolation methods) that could 
affect cfNA quality; (5) comparison between two plasma cfDNA sequencing 
approaches for the reliable detection of low-frequency alleles; (6) analysis of 
concordance of GC tissue and plasma cfDNA mutational profiles and poten-
tial application of liquid biopsy for disease monitoring and survival.

Taken all together, this is the first study that have provided full miRNo-
me profiles of pre-malignant and malignant gastric tissues in the subjects 
of European origin, showed functional role in gastric carcinogenesis of spe-
cific epigenetic biomarkers such as hsa-miR-20b-5p, revealed concordance 
between GC plasma and tissue mutational profiles by using  Unique Molecu-
lar Identifier (UMI) error correction and deep sequencing, and implemented 
14 multilayer molecular analytes for GC disease state discrimination and sur-
vival analysis. This extensive research provides useful observations from the 
processing of samples and selection of sequencing approach to the applicabi-
lity of liquid biopsy for GC diagnosis and prognosis.

 THE LAYOUT OF THE DISSERTATION

This thesis is prepared based on six published articles (listed in section List 
of scientific papers) and is composed of three major parts: (1) investigation of 
blood-based epigenetic signatures involves the miRNA expression profiling 
in gastric tissues, analysis of mostly deregulated tissue-associated miRNAs in 
plasma, and functional miRNA analysis in vivo and in vitro; (2) investigation 
of blood-based genetic signatures in detail explores the suitable source for 
liquid biopsy, the impact of blood processing variables, comparison of diffe-
rent sequencing approach and plasma cfDNA mutational profile analysis for 
GC diagnosis and prognosis; and (3) multi-layer molecular analysis includes 
analysis of multi-analyte epigenetic and genetic profiles for survival and GC 
state discrimination. All these studies contribute to the liquid biopsy research 
for GC. Publications related to studies are published in peer-reviewed jour-
nals referred in Web of Science: BioTechniques, Biopreservation and bioban-
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king, International Journal of Molecular Sciences, Clinical and Translational 
Gastroenterology, and World Journal of Gastroenterology. The thesis design 
and structure are represented in Fig. 1.4.

miRNA profiling study in total involved 32 CON, 49 AG 
and 44 GC patients:

 i) profiling cohort (n = 60) - tissue samples;
ii) validation cohort (n = 65) - plasma samples;

Expression level of widely studied hsa-miR-20b-5p and 
hsa-miR-451a-5p was determined in GC and CON 

tissues

MiRNA mimics and inhibitors were used for the transfection 
of AGS and MKN28 GC cell cultures for the functional 
analysis including evaluation of putative targets and 

loss-of-function assays. 

Two different commercial kits were benchmarked for 
urine cfDNA isolation (n = 8, repeated on different days)

Three different commercial kits were benchmarked for 
plasma cfDNA isolation, the impact of different plasma 

preprocessing conditions were also evaluated (n = 5, 
repeated on different days)

Two Illumina library preparation kits were benchmarked
for cfDNA NGS: with and without UMIs

WES of GC tissue (n=29) was performed, and a unique 
38-gene panel for deep targeted sequencing of plasma 

cfDNA was developed

Multi-layer molecular analysis

epigenetic and genetic profiles including cfDNA yield, fragmentation, mutational profile, miRNA expression, level of 
oncoproteins, etc. for survival and discrimination between GC state (T1-T2 vs. T3-T4; M0 vs. M1)

otal involved 32 CON 49 AG Two different commercia

Cell-free NA

Blood 
plasma

Proteins

Blood 
serum

Genomic 
DNA

Biopsy or 
resected 

tissue Genetic signatures
(Streleckienė, G. et al, 2018;
Streleckienė, G. et al, 2019;

Frank, MS., … Streleckienė G. et al, 2020;
Varkalaitė, G. et al, 2021)

analysis of different biological sources for liquid biopsy, 
preprocessing variables, sequencing approaches, and 

 plasma cfDNA mutational profile

Epigenetic signatures
(Varkalaitė, G. et al., 2021;

Streleckienė, G. et al, 2020)

miRNA expression profiling in gastric tissues, 
analysis of mostly deregulated miRNAs in plasma,

functional miRNA analysis

Fig. 1.4. Structure of the thesis. 
CON – control, AG – atrophic gastritis; GC – gastric cancer; cfDNA- cell-free DNA; 

UMI – unique molecular identifier; WES – whole exome sequencing.
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 1. SUMMARY OF MATERIALS AND METHODS

 1.1. Ethics statement

Studies involved in the dissertation were approved by Kaunas Regional 
Biomedical Research Ethics (No. BE-2-10, No. BE-2-31) and University 
Hospital of Schleswig-Holstein’s Ethics (No. B327/10, No. D470/14) Com-
mittees (Supplements 1–2 and 3–4). Principles of the Helsinki Declaration 
were followed, and all subjects provided written informed consent.

 1.2. Study population

In total, miRNome profiling study (“Epigenetic signatures”) involved 
32 CON, 49 AG, and 44 GC patients, who were divided into (1) profiling 
(n = 60) and (2) validation cohorts (n = 65). The profiling cohort consisted of 
gastric samples, and validation cohort – plasma samples (including available 
samples from study part 1.2.2 cfDNA mutational profiling study). CON group 
consisted of subjects, who had no signs of gastric mucosal atrophy or intesti-
nal metaplasia (stage 0 according to Operative Link on Gastritis Assessment 
(OLGA) classification). AG group consisted of individuals that had stage 
I-IV atrophy score in gastric mucosa by OLGA classification. 

Detailed clinical characteristics are presented in the article “Atrophic 
gastritis and gastric cancer tissue miRNome analysis reveal hsa-miR-129-1 
and hsa-miR-196a as potential early diagnostic biomarkers”.

Expression analysis of hsa-miR-20b-5p and hsa-miR-451a-5p in functio-
nal miRNA study (“Epigenetic signatures”) was performed on gastric tissue 
biopsy samples from 13 GC patients. Gastric tissue samples of CON group 
(n = 13) were collected from healthy subjects without atrophy or intestinal 
metaplasia.

Functional tests were performed using commercially available cell cul-
tures AGS and MKN28, developed from primary and metastatic GC sites, 
respectively.

The characteristics of patients and detailed cell cultivation description 
are presented in the article “miR-20b and miR-451a Are Involved in Gastric 
Carcinogenesis through the PI3K/AKT/mTOR Signaling Pathway: Data from 
Gastric Cancer Patients, Cell Lines and Ins-Gas Mouse Model”.

Benchmarking studies (“Genetic signatures”) of the urine (n = 8) and 
plasma (n = 5) cfDNA analysis involved self-reported healthy volunteers. 
The biological material collection was repeated on separate days (2–5 de-
pending on the experiment), samples were centrifuged according to sample 
processing guidelines and pooled in equal volumes. 
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Characteristics and detailed descriptions are presented in the articles: 
“Quantifying cell free DNA in urine: comparison between commercial kits, 
impact of gender and inter-individual variation” and “Effects of Quantificati-
on Methods, Isolation Kits, Plasma Biobanking, and Hemolysis on Cell-Free 
DNA Analysis in Plasma”.

Concordance analysis between GC tissue and plasma somatic mutational 
profiles in study of cfDNA mutation analysis (“Genetic signatures”) were 
performed for treatment-naive GC patients (n = 29). Paired tissue and plas-
ma samples were collected at the same time point for the same patient. CON 
group (n = 20) consisted of self-reported healthy subjects without a history 
of cancer. 

Detailed clinical characteristics are presented in the article “Liquid biopsy 
in gastric cancer: analysis of somatic cancer tissue mutations in plasma cell-
free DNA for predicting disease state and patient survival”.

 1.3. Isolation and quantification of nucleic acids

Genomic DNA (gDNA) from the primary GC tissues and white blood cells 
(WBCs) were isolated using the AllPrep DNA/RNA Mini Kit (Qiagen) and 
salting-out methods respectively. Total RNA from CON, AG and GC tissues 
was extracted using miRNeasy Mini Kit or miRNeasy Micro Kit (Qiagen). 
The quantity and quality of the isolated samples were assessed using the fo-
llowing systems: Nanodrop2000 spectrophotometer (Thermo Fisher Scien-
tific), and/or automated capillary electrophoresis TapeStation 2000 system 
(Agilent Technologies), and/or automated capillary electrophoresis Agilent 
2100 Bioanalyzer system (Agilent Technologies).

Two commercially available kits were benchmarked for urine samples: 
(1) NEXTprep-Mag Urine cfDNA Isolation Kit (PerkinElmer); (2) Urine 
Cell-Free Circulating DNA Purification Midi Kit (Norgen Biotek). Further-
more, performance of three commercially available isolation kits for plasma 
samples was analysed: (1) The NextPrep-Mag cfDNA Isolation Kit (Bioo 
Scientific); (2) MagMAX Cell-Free DNA Isolation Kit (Thermo Fisher Sci-
entific); (3) QIAamp Circulating Nucleic Acid Kit (Qiagen). The quantity 
and length distribution of cfDNA was evaluated by TapeStation 2200 system 
(Agilent Technologies) using the high sensitivity screen tapes and reagents. 

All procedures were handled according to the manufacturer’s instructions. 
Detailed descriptions are presented in articles: “Quantifying cell free DNA in 
urine: comparison between commercial kits, impact of gender and inter-in-
dividual variation” and “Effects of Quantification Methods, Isolation Kits, 
Plasma Biobanking, and Hemolysis on Cell-Free DNA Analysis in Plasma”.
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 1.4. Expression analysis of miRNA by quantitative real-time PCR

Quantitative RT-PCR was performed for the evaluation of specific microR-
NAs’ expression, and absolute hsa-miR-223-3p quantification. Following 
TaqMan MicroRNA Assays were used: hsa-miR-129* (Assay ID: 002298), 
hsa-miR-196a (Assay ID: 241070_mat), has-miR-223 (Assay ID: 002098), 
hsa-miR-20b-5p (Assay ID: 001014) and hsa-miR-451a-5p (Assay ID: 
001141) on 7500 Fast Real-Time PCR System (Applied Biosystems). Cycle 
threshold (Ct) values were normalized to the RNU6B (Assay ID: 0010930) 
or has-miR-16 (Assay ID: 000391) (Thermo Fisher Scientific) endogenous 
control. 

A detailed description is presented in the articles “Atrophic gastritis and 
gastric cancer tissue miRNome analysis reveal hsa-miR-129-1 and hsa-miR-
196a as potential early diagnostic biomarkers”, “miR-20b and miR-451a Are 
Involved in Gastric Carcinogenesis through the PI3K/AKT/mTOR Signaling 
Pathway: Data from Gastric Cancer Patients, Cell Lines and Ins-Gas Mouse 
Model”, and “Effects of Quantification Methods, Isolation Kits, Plasma Bio-
banking, and Hemolysis on Cell-Free DNA Analysis in Plasma”.

 1.5. Next-generation sequencing and bioinformatics data analysis

Small RNA sequencing (smRNA-seq) libraries were prepared using 
Illumina TruSeq Small RNA Sample Preparation Kit (Illumina) and Illumina 
HiSeq 2500 platform according to the manufacturer’s instructions. Analysis 
of raw small RNA sequencing data was performed by nf-core/smrnaseq pi-
peline v.1.0.0 (miRBase v.22.1 [29]). Detailed description regarding the pre-
paration of NGS libraries and analysis workflow is presented in the paper 
“Atrophic gastritis and gastric cancer tissue miRNome analysis reveal hsa-
miR-129-1 and hsa-miR-196a as potential early diagnostic biomarkers”.

Exome sequencing was performed for GC tissue and patient-matched 
WBCs samples. Sequencing libraries were constructed using the Illumina 
TruSeq Nano DNA Library Prep Kit (Illumina) and captured using the In-
tegrated DNA Technologies xGen Exome Research Panel (Integrated DNA 
Technologies). Deep sequencing (40 000 × raw coverage) was performed for 
plasma cfDNA. Libraries were constructed using TruSight Oncology UMI 
Reagents (Illumina) and captured using Integrated DNA Technologies xGen 
Custom Panel (Integrated DNA Technologies). Samples were sequenced on 
the NovaSeq 6000 platform (Illumina) according to the manufacturer’s ins-
tructions. The GATK Best Practices paired-sample workflow [51] was used 
for the exome sequencing data analysis (human genome reference build 
hg19). Plasma cfDNA sequencing analysis was performed using the Illumi-
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na UMI Error Correction App (v1.0.0.1). Detailed description regarding the 
analysis workflow is presented in the paper “Liquid biopsy in gastric cancer: 
analysis of somatic cancer tissue mutations in plasma cell-free DNA for pre-
dicting disease state and patient survival”.

 1.6. Functional miRNA analysis

Synthetic miRNAs, hsa-miR-451a-5p and hsa-miR-20b-5p, anti-hsa-miR-
20b-5p, and non-specific miRNA negative controls (miRVana, Ambion by 
Thermo Fisher Scientific) were used for the transfection of AGS and MKN28 
cell lines for the functional analysis. This analysis included the evaluation 
of putative targets and loss-of-function assays. Analysis of putative targets 
was performed in the following order: (1) in silico analysis (DIANA Lab To-
ols TarBase, miRanda, TargetScan), (2) Western Blot, and (3) luciferase re-
porter assay. Cell culture assays performed in the study were the following: 
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay 
for viability and proliferation, clonogenic assays for colony formation ability, 
flow cytometry FITC Annexin V and PI assay for apoptosis, and wound he-
aling assay for cell migration. Full description of the procedures is presented 
in the article “miR-20b and miR-451a Are Involved in Gastric Carcinogenesis 
through the PI3K/AKT/mTOR Signaling Pathway: Data from Gastric Cancer 
Patients, Cell Lines and Ins-Gas Mouse Model”.

 1.7. Protein analysis

Potential target-gene analysis of hsa-miR-20b-5p and hsa-miR-451a-
5p was performed by evaluating protein expression levels by Western Blot 
(WB). Total protein from transfected GC commercial cells was extracted by 
using 1× radioimmunoprecipitation assay (RIPA) buffer (Abcam) (Sigma Al-
drich). Pierce BCA Protein Assay Kit (Thermo Scientific) was used for the 
total protein evaluation. Following antibodies were used in the study: IRF1 
(ab186384; Abcam), PTEN (ab32199, Abcam), TXNIP (40-3700; Thermo 
Fisher Scientific), CAV1 (ab192869, Abcam), TSC1 (37-0400, Thermo Fis-
her Scientific), and GAPDH (AM4300; Ambion by Thermo Fisher Scien-
tific). Detailed description regarding WB procedure is presented in the pu-
blication “miR-20b and miR-451a Are Involved in Gastric Carcinogenesis 
through the PI3K/AKT/mTOR Signaling Pathway: Data from Gastric Cancer 
Patients, Cell Lines and Ins-Gas Mouse Model”.

Enzyme-linked immunosorbent assay (ELISA) was used for the detection 
of serum oncoproteins. Following ELISA kits were used in the study: Human 
Carcinoembryonic Antigen (CEA) ELISA Kit (ab99992; Abcam), Human 
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Cancer Antigen CA 19-9 ELISA Kit (ab108642; Abcam), and Human Cancer 
Antigen 72-4 (Tumor Marker CA724) ELISA Kit (E-EL-H0613; Elabscien-
ce). This part of the thesis is described in the publication “Liquid biopsy in 
gastric cancer: analysis of somatic cancer tissue mutations in plasma cell-
free DNA for predicting disease state and patient survival”.
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 2. SUMMARY OF RESULTS

In this chapter, the most relevant results obtained during the period of PhD 
and published in dissertation-related manuscripts are described. The first part 
describes the results of blood-based epigenetic signatures study, which in-
volved comprehensive miRNA analysis. The second part defines the results 
of blood-based genetic signatures study, which consisted of cfDNA analysis 
and evaluation of tissue and plasma mutational profiles. The third part – study 
of multi-layer molecular analysis – outlined blood-based molecular analytes 
with the highest potential to be applicable for disease state evaluation.

 2.1. Epigenetic signatures

 2.1.1. Analysis of tissue miRNome profiles

To determine the tissue miRNome profiles, smRNA-seq was performed 
and included gastric biopsy samples of CON, AG, and GC (paired cancerous 
and adjacent) cases. In total 1037 miRNAs annotated in the miRBase v22.1 
were identified. The abundance of deregulated tissue miRNAs was associated 
with the control-gastritis-cancer pathological sequence: (1) 20 miRNAs sho-
wed altered expression comparing AG and CON groups; (2) 99 – comparing 
GC and AG, and (3) 129 – comparing GC and CON groups.  (Fig. 2.1. A). The 
top five most deregulated miRNAs in each case are presented in Fig. 2.1. A. 
Multidimensional scaling analysis (MDS) of normalized miRNA expression 
levels revealed 4 clusters, corresponding to the study groups described above 
with the highest overlap between CON, GC adjacent, and AG, and a separate 
cluster of GC samples (Fig. 2.1. B).

Tissue smRNA-seq data analysis showed that miRNAs hsa-miR-129-1-
3p and hsa-miR-196a-5p were significantly deregulated comparing all three 
study groups: CON, AG, and GC, and reflected a stepwise process of gastric 
carcinogenesis (Fig. 2.2. A). In addition to this, Spearman’s correlation co-
efficient showed strong correlation with the CON-AG-GC sequence: –0.7561 
(p = 0.01) and 0.7125 (p = 1.17 × 10–16) hsa-miR-129-1-3p and hsa-miR-
196a-5p, respectively. Thus, expression changes of hsa-miR-129-1-3p and 
hsa-miR-196a-5p were evaluated by RT-PCR in plasma samples of indepen-
dent CON, AG, GC cohorts to analyse its possible applicability as a minimal-
ly invasive biomarker. Results showed a similar expression pattern, however, 
only hsa-miR-129-1-3p was significantly down-regulated when comparing 
AG and GC groups (p = 0.024) (Fig. 2.2. B).
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Fig. 2.1. Results of miRNA differential expression analysis in gastric biopsy 
samples. A) Differentially expressed gastric tissue microRNAs comparing 
different study groups. P-adjusted < 0.05 and |log2FC| > 1; B) MDS plot 
based on normalized data showing a clustering corresponding to control 

(CON), atrophic gastritis (AG), gastric cancer (GC), and adjacent gastric 
cancer (GCaj) tissues.
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Fig. 2.2. hsa-miR-129-1-3p and hsa-miR-196a-5p expression levels in di-
fferent study groups. A) gastric tissue samples; B) plasma samples. Box 

plot graphs: boxes correspond to the median value and interquartile range; 
CON – control; AG – atrophic gastritis; GC – gastric cancer; ns – not signi-

ficant; * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001.



31

For a more detailed description of the results and additional figures regar-
ding tissue miRNA analysis please refer to the article “Atrophic gastritis and 
gastric cancer tissue miRNome analysis reveal hsa-miR-129-1 and hsa-miR-
196a as potential early diagnostic biomarkers”.

 2.1.2. Functional role of epigenetic signatures in the gastric 
carcinogenesis

The study of a comprehensive analysis of epigenetic signatures also invol-
ved miRNA functional role evaluation. Previous studies showed that specific 
miRNA families (miR-17~92 cluster (of which hsa-miR-20b-5p is a mem-
ber)) or miRNAs (hsa-miR-451a-5p) are widely reported as potential oncoge-
nes and are deregulated in many cancers [52–58]. Therefore, we have aimed 
to verify the expression changes of hsa-miR-20b-5p and hsa-miR-451a-5p 
in GC biopsies. A significant up-regulation of hsa-miR-20b-5p (p = 0.026) 
and down-regulation of hsa-miR-451a-5p (p = 0.039) was determined in GC 
comparing to CON. Next, a pilot smRNA sequencing study of several GC pa-
tients’ plasma samples was performed. Analysis revealed that hsa-miR-20b-
5p expression in plasma was not supported by any of the smRNA sequencing 
reads (data not shown) and this miRNA was not further investigated. On the 
other hand, the expression of hsa-miR-451a-5p was detected in plasma and 
supported by several hundreds of raw smRNA-seq reads (data not shown). 
These findings were in concordance with previously reported results by other 
authors [59,60]. Finally, functional role of both hsa-miR-20b-5p and hsa-
miR-451a-5p was further investigated in gastric carcinogenesis. By using cell 
culture assays, we have, first, determined new putative target genes involved 
in PI3K/AKT/mTOR signalling pathway: (1) transfection of anti-hsa-miR-
20b-5p significantly increased expression of PTEN (p = 0.011) and TXNIP 
proteins (p = 0.025); and (2) transfection of hsa-miR-451a-5p reduced the 
yield of CAV1 and TSC1 proteins (p = 0.011 and p = 0.024, respectively). 
In addition, miRNA-mRNA interaction was confirmed by luciferase reporter 
assay. Second, loss-of-function assays showed that anti-hsa-miR-20b-5p: re-
duced cell viability (by 22.1 %; p = 0.029), and increased percentage of apop-
totic cells (by 12.5 %; p = 0.040). Both miRNAs dramatically reduced the 
number of colonies (hsa-miR-20b-5p: by 73.8 %; p = 2 × 10−4 and 60.1 %; 
p = 0.021, in AGS and MKN28, respectively; hsa-miR-451a-5p: by 50.6 %; 
p = 0.043). These findings suggest hsa-miR-20b-5p has potential oncogenic, 
and hsa-miR-451a-5p – tumour suppressive role in GC.

For a detailed description of the results regarding the miRNA functional 
analysis please refer to the article “miR-20b and miR-451a Are Involved in 
Gastric Carcinogenesis through the PI3K/AKT/mTOR Signaling Pathway: 
Data from Gastric Cancer Patients, Cell Lines and Ins-Gas Mouse Model”.
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 2.2. Genetic signatures

 2.2.1. Evaluation of biological material impact on cfDNA analysis

The collection of blood plasma and urine could be named as one of the most 
standardized and routine laboratory procedures. For this reason, plasma and 
urine were selected as biological materials for the benchmarks of commer-
cially available cfDNA isolation kits. Urine cfDNA isolation analysis showed 
significant differences between kits: greater yield of cfDNA was isolated by 
NextPrep-Mag Urine (on average 2.04 ng/mL of urine) compared to Urine 
Cell-Free Circulating DNA isolation kit (0.83 ng/mL of urine) (p = 0.008). 
However, very high inter-, intra-individual, gender-based variety and DNA 
fractions longer than 165 nucleotides were observed.

An investigation involving plasma samples, first, revealed the importan-
ce of the quantification method. Depending on the quantification method, 
cfDNA yield analysis between isolation kits showed slightly different re-
sults. Second, the importance of the chosen extraction method. The yield of 
cfDNA isolated by QIAamp was significantly greater (on average 
9.49 ng/mL of plasma) compared with the NextPrep-Mag (5.74 ng/mL of plas-
ma), and MagMAX (6.06 ng/mL of plasma) (p = 1.62 × 10–7; p = 1.16 × 10–6, 
respectively) (fluoresce-based quantification). Furthermore, quantitative 
miR-223 analysis was performed to evaluate the possibility of simultaneous 
miRNA analysis. Higher yields of miRNA were identified in samples iso-
lated by QIAamp and NextPrep-Mag compared to MagMAX (2 × 10–3 and 
7 × 10–3 pg/mL of plasma; compared to 1 × 10–4 pg/mL of plasma; p = 0.003 
and p = 0.027, respectively).

Based on the above-described results plasma was selected as a more consis-
tent and reliable biological material for cfNA analysis. Moreover, higher cfDNA 
and miRNA yields isolated by the QIAamp isolation kit were determinants, 
therefore, this kit was selected for further studies. A more detailed description 
of the urine and plasma cfDNA analysis involving results of other interfering 
factors are presented in the respective articles “Quantifying cell free DNA in 
urine: comparison between commercial kits, impact of gender and inter-indivi-
dual variation” and “Effects of Quantification Methods, Isolation Kits, Plasma 
Biobanking, and Hemolysis on Cell-Free DNA Analysis in Plasma”.

 2.2.2. Analysis of sequencing approach impact on cfDNA 

To completely understand the cfDNA analysis process, we have estimated 
the possible effect of sequencing approach: signal noise (the allele frequency 
(AF) of PCR and sequencing errors) was evaluated using the Multiplex I cf-
DNA Reference Standard Set. The set included 100 % Multiplex I Wild Type 
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cfDNA Reference Standard, and the 0.1 % Multiplex I cfDNA Reference 
Standard with mutated PIK3CA p.E545K of 0.13 % AF. The study compared 
the sequencing libraries without UMIs, and with UMIs. 

Results revealed that signal noise was lower than 0.07 % for the non-UMI 
libraries in 95 % of the considered genomic positions, and 0.00 % for the 
UMI libraries in 95 % of positions. Taking into consideration sequencing 
depth, stringent bioinformatic filtering of non-UMI libraries reduced the dep-
ths and thereby increased the rate of the PCR and sequencing errors. On the 
other hand, bioinformatic error correction of the UMI libraries dramatically 
reduced the effective sequencing depth but lowered the allele frequency of 
the signal noise. Based on the results and guidelines suggested by other rese-
archers [61,62] working with low biomass samples, we have used very deep 
sequencing and barcoded each cfDNA molecule using UMIs. 

The results are described in more detail in the article “Quantifying sequ-
encing error and effective sequencing depth of liquid biopsy NGS with UMI 
error correction”.

 2.2.3. Mutation analysis of cfDNA in the GC patients’ plasma

After selection of the most suitable biological material, isolation kit, and 
sequencing approach, we have analysed total cfDNA yield determined by 
automated capillary electrophoresis system. A significantly higher yield of 
cfDNA was detected in GC patients’ plasma (87.59 ng/mL of plasma) com-
pared to CON (2.01 ng/mL of plasma) (p = 7.07 × 10–14). Moreover, total cf-
DNA yield in plasma positively correlated with serum CEA, level (R = 0.44, 
p = 0.02), and cfDNA fragments in GC patients’ plasma were shorter compared 
with CON group: (1) mono-nucleosomal: 73 vs. 125 bp (p = 1.60 × 10–8),
 and (2) di-nucleosomal: 349 vs. 259 bp (p = 1.06 × 10–7).

To develop a custom gene panel for deep targeted sequencing of plasma 
cfDNA, we evaluated GC tissue mutational profile. WES for paired GC tissue 
and WBC (as normal control) was performed. Somatic alterations in tissue 
were detected for 23 of 29 patients with GC (79.31 %). The most frequent va-
riant classes, types, and top mutated genes are presented in Fig. 2.3. A. Based 
on WES results unique 38-gene panel was designed (Fig. 2.3. B) and included 
most mutated genes that are also present in the Catalogue of Somatic Mutati-
ons in Cancer (COSMIC). Pathway enrichment analysis showed that the most 
mutated genes (n = 26), included in our panel, were associated with Wnt si-
gnalling (16.7 %), Cadherin signalling (14.6 %), p53 pathway feedback loops 
2 (12.5 %), angiogenesis (12.5 %), EGF receptor signalling (10.4 %), CCKR 
signalling map (10.4 %), PI3 kinase (8.3 %), p53 (8.3 %), and Ras (6.3 %) 
pathways. Twelve genes from a 38 gene list were unclassified (31.6 %) and 
were not assigned to any PANTHER pathway [63].
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Fig. 2.3. Summary of mutational spectra (whole exome sequencing data) 
in GC tissue samples. A) absolute variant class values; absolute variant 
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variants per sample, the dashed line shows the mean quantity of somatic va-

riants per sample; mean distribution of variant classes per sample; top 
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lated from all somatic variants detected; B) List of genes involved in our 
custom gene panel; Color codes in graphs are the same. DEL – deletion; 

INS – insertion; SNP – single nucleotide polymorphism; SNV – single 
nucleotide variant.
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Further analysis was performed in the frame of our custom panel and inclu-
ded filtered variants (without germline and passing Mutect2 quality control 
filters), and three following groups: (1) alterations detected in tissue samples; 
(2) alterations detected in plasma samples, and (3) alterations that overlapped 
between tissue and plasma samples.

I.  Samples with detectable tissue mutations on average had 8.4 variants 
(from 1 to 23). Variant allele frequencies (VAFs) varied from 2.8 % to 
87.1 %. Top three variant classes identified were: missense mutations –
58.6 %, silent 23.3 %, and frameshift deletions – 17.3 %. The most 
frequently mutated genes in GC tissue are presented in Fig. 2.4. A.

II.  Somatic plasma cfDNA variants were detected for 21 out of 23 
(91.3 %) GC patients (part I). The range of somatic variants was from 
1 to 14 (5.4 on average) and VAFs ranged from 0.3% to 33.7 %. Top 
three variant classes identified were: intron – 57.9 %, missense – 
14.3 %, and silent – 9.02 %. The most frequently mutated genes in 
GC plasma samples are presented in Fig. 2.4. B.

III.  The overlap of mutations between tissue and plasma samples was 
observed for 11 out of 23 (47.8 %) GC patients (part I). The range 
of tumour-derived plasma cfDNA variants was from 1 to 12 (3.5 on 
average). VAFs ranged from 0.3 % to 19.4 %. Top three variant clas-
ses identified were: intron – 14.3 %, missense – 8.27 %, and silent – 
5.26 %. The number and concordance of detected variants (in plasma 
cfDNA and tissue) are presented in Fig. 2.4. C and Venn diagram 
(Fig. 2. 4. D).

Association analysis of tumour-derived plasma cfDNA somatic variants 
with GC clinical characteristics, total cfDNA yield, serum level of oncopro-
teins, and age revealed that the quantity of tissue and/or plasma somatic va-
riants showed a positive moderate correlation with age (R = 0.47, p = 0.012; 
R = 0.4, p = 0.035; tissue and plasma, respectively; tumour-derived cfDNA 
variants: R = 0.38, p = 0.04). Also, cfDNA sequence alterations that are over-
lapping with tumour tissue mutational profile were significantly more often 
observed in samples of the patients with larger tumours (T3-T4 – 55.6 % and 
T1-T2 – 10.0 %, p = 0.018). 

Detailed description of the results is presented in the article “Liquid biopsy 
in gastric cancer: analysis of somatic cancer tissue mutations in plasma cell-
free DNA for predicting disease state and patient survival”.
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 2.3. Multi-layer molecular modelling

Finally, we summarised all collected data to further investigate multi-layer 
molecular profiling applicability for GC prognosis (survival analysis) and 
disease state monitoring (discriminative analysis). Analytes included in the 
study are represented in Fig. 2.5.
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Fig. 2.5. Multi-layer molecular analytes involved in the analysis.

Survival analysis (n = 28) was performed including all of the described 
analytes. Data revealed that patients without somatic variants detected in cf-
DNA had a median survival time (MST) of 803 days, patients with 1–2 cf-
DNA sequence alterations had MST of 469 days, patients with 3–6 cfDNA 
sequence alterations – 315, and patients with more than 6–44 days (p = 0.008) 
(Fig. 2.6. A). To adjust for patients’ demographics and tumours’ characteris-
tics such as age, gender, and size of the primary tumour based on tumour–
node–metastasis staging, Cox proportional hazards model was used. Results 
showed a slight gender impact on survival estimation (padj = 0.0410) and a 
significant effect of more than 6 variants detected in plasma (padj = 0.0186) 
for a shorter lifespan. Moreover, hsa-miR-129-3p expression level showed 
a slight tendency of association with survival time (data not shown), and in 
combination with a quantity of tumour-derived cfDNA variants revealed that: 
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(1) patients without somatic variants and highly expressed hsa-miR-129-3p in 
plasma survived for an average of 894 days, and on the other hand (2) survi-
val time of the patients with more than 6 tumour-derived cfDNA variants and 
low hsa-miR-129-3p expression in plasma was 44 days (p = 0.024 comparing 
all combinations and survival time) (Fig. 2.6. B).

Finally, the multilayer molecular profile (Fig. 2.5) was analysed for discri-
mination of the patients with larger tumours (T3-T4) and distant metastases. 
The analysis involved complete cases with full multi-layer molecular profiles 
(n = 17) and was performed based on feature selection and random forest 
classificator algorithms. Comparing T1-T1 vs. T3-T4 groups, the feature clas-
sificator showed that total cfDNA yield (ng/ml of plasma) was confirmed as 
an important attribute (maxImp = 10.20) while the concentration of CA 19-9 
was assigned as a tentative attribute (maxImp = 5.17). In the case of M0 vs. 
M1 status, the feature classificator revealed that attributes such as expres-
sion level of hsa-miR-129-1-3p and quantity of overall detected alterations 
in plasma were confirmed as important (maxImp = 10.04, maxImp = 7.02 
respectively). Qualitative detection of plasma cfDNA mutations was assigned 
as a tentative attribute (maxImp = 7.93) in this case. 

Confirmed attributes were used for performance evaluation by using the 
receiver operating characteristic (ROC) curve. Total cfDNA yield resulted in 
an area under the curve (AUC) of 0.712 when discriminating between T1-T2 
vs. T3-T4; on the other hand, the expression level of hsa-mir-129-1-3p and 
qualitative plasma cfDNA (presence of any somatic alteration) analysis could 
be implemented for discrimination between M0 vs. M1 (AUC = 0.818).
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 3. DISCUSSION

The investigation of early diagnostic markers, especially minimally in-
vasive, is an extremely relevant topic and in the future is expected to signi-
ficantly improve GC patients’ diagnostics, disease monitoring and consequ-
ently – survival. There is a wide variety of molecular candidates that could be 
detected and tracked during the course of a disease in different body fluids. 
Studies show that various miRNAs are associated with GC [46,64] or even 
its premalignant stages [45,65], and tissue miRNAs could be mirrored in the 
plasma and detected in a minimally invasive manner [66,67]. In addition to 
this, recent worldwide studies and even international projects such as GRA-
IL [68,69] started to focus on circulating tumour-derived DNA, which has 
a wide applicational spectra from the monitoring of a disease state [70]and 
relapse [71,72] to the prediction of a therapy effect  [73]. All these findings 
lay a strong foundation for further cancer research and identification of mini-
mally invasive potential target molecules or their combinations and also help 
to increase the fundamental understanding of underlying pathological mo-
lecular processes. Thus, this thesis presents a study consisting of two major 
parts analysing two types of plasma circulating molecules and in conjunction 
with computational biology directly or indirectly addresses the issues related 
to GC diagnosis and prognosis.

The first part of this thesis “Epigenetic signatures” has involved the fo-
llowing miRNA analysis aspects: (1) the evaluation of miRNA profiles of 
control, premalignant and malignant cases of gastric tissue, (2) hsa-miR-129-
1-3p and hsa-miR-196a-5p expression evaluation in blood plasma, and (3) 
analysis of hsa-miR-20b-5p and hsa-miR-451a-5p role in gastric carcinoge-
nesis.

To begin with, smRNA-seq data of control, premalignant, and malignant 
tissues has revealed both, repeatedly GC-related and novel miRNA biomarker 
targets. In concordance with other studies by Assumpcao et al. and Pereira et 
al. [74,75] our results have also confirmed miRNAs such as hsa-miR-3131, 
hsa-miR-483, hsa-miR-150, hsa-miR-200a-3p, hsa-miR-873-5p to be dere-
gulated in GC. On the other hand, a number of previously not reported 
miRNAs such as hsa-miR-548ba, hsa-miR-4521, hsa-miR-549a have been 
identified. Although studies have suggested that hsa-miR-548ba could be as-
sociated with bladder cancer, hsa-miR-4521 – with H. pylori infection and 
hsa-miR-549a – with renal cancer [76–78], there is no data showing the po-
tential association of these miRNAs with inflammatory or cancerous proces-
ses of gastric tissue. Analysis of AG miRNome has revealed deregulation of 
several miRNAs (e. g. hsa-miR-3591-3p, hsa-miR-122-3p/5p and hsa-miR-
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451a), which have been previously described as biomarker candidates by Liu 
et al. [79]. However, the most deregulated miRNAs such as hsa-miR-215, 
hsa-miR-4497, hsa-miR-1251, etc. have been identified in AG tissue for the 
first time in our study. Previously miRNA hsa-miR-215-5p has been shown to 
be deregulated in different gastrointestinal tract pathologies such as Barrett’s 
oesophagus, intraepithelial neoplastic lesions and ulcerative colitis [80–82], 
while hsa-miR-4497 and hsa-miR-452 have been associated with GC [83,84].

Second, we have shown that hsa-miR-129-1-3p and hsa-miR-196a-5p 
have been gradually deregulated in tissue samples corresponding to the CON-
AG-GC sequence. Similarly to our results, Wang et al. and Yu et al. have also 
reported that hsa-miR-129-1-3p was down-regulated in GC tissues, have a 
tumour suppressing role and reflect the tissue expression pattern in the gas-
tric juice [85,86]. Although hsa-miR-196a over-expression in AG tissue was 
not previously reported, other authors’ results suggested that hsa-miR-196a 
is overexpressed in GC tissue, plasma, and commercial cell cultures [87,88]. 
We have, therefore, analysed the expression of hsa-miR-129-1-3p and hsa-
miR-196a-5p in an independent cohort of CON, AG, and GC plasma sam-
ples, and revealed similar expression patterns compared to tissue samples. 
Significant hsa-miR-129-1-3p expression differences have been determined 
comparing AG and GC groups suggesting its potential as a minimally invasi-
ve diagnostic analyte.

Further analysis has involved the functional role of hsa-miR-20b-5p and 
hsa-miR-451a-5p, which, according to literature, have been shown to be dere-
gulated in many different malignancies, including GC, and have a high poten-
tial to become novel therapeutic targets and/or biomarkers [52–58]. In con-
cordance with the literature [55,56,89,90], our results have also revealed that 
hsa-miR-20b-5p is overexpressed in GC tissue samples compared to control. 
To our best knowledge, currently, there is no study analysing levels of hsa-
miR-20b-5p in plasma samples. Similarly, our results of pilot smRNA-seq of 
plasma samples have shown no supporting sequencing reads of this miRNA 
suggesting that hsa-miR-20b-5p is not delivered to the circulation. On the 
other hand, studies have reported that miR-451a has been often down-regu-
lated in a series of cancers including GC [91–93], [53,58] and this is also 
confirmed in our study. In addition, we were able to detect hsa-miR-451a-5p 
expression signals in plasma samples by the pilot smRNA-seq study (data not 
shown) which is consistent with studies that have been conducted by Lario 
et al. and Jiang et al. [59,60]. Finally, we have determined that hsa-miR-20b-
5p and hsa-miR-451a-5p directly regulate the expression of genes possibly 
involved in the PI3K/AKT/mTOR pathway and loss-of-function experiments 
have revealed a significant tumour-suppressive role in GC.
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To sum up, this study has shown that miRNA profiling could help to iden-
tify promising epigenetic biomarkers and plasma samples could mirror tissue 
miRNome expression patterns. On the other hand, miRNA functional studies 
are of high importance not only fundamentally but also for translational appli-
cations as it may help to improve the knowledge of molecular processes in 
carcinogenesis and the development of new treatment strategies.

For a more detailed discussion on the miRNA analysis results please re-
fer to the papers related to the study of the Epigenetic signatures (“Atrophic 
gastritis and gastric cancer tissue miRNome analysis reveal hsa-miR-129-1 
and hsa-miR-196a as potential early diagnostic biomarkers”, “miR-20b and 
miR-451a Are Involved in Gastric Carcinogenesis through the PI3K/AKT/
mTOR Signaling Pathway: Data from Gastric Cancer Patients, Cell Lines 
and Ins-Gas Mouse Model”).

The second section of the thesis “Genetic signatures” has involved exten-
sive cfDNA analysis including the following aspects: (1) analysis of different 
biological materials for cfDNA isolation; (2) impact of preanalytical plasma 
processing variables; (3) approach for cfDNA sequencing; (4) plasma cfDNA 
mutational profile evaluation for GC patients.

After benchmarking of two commercial urine cfDNA isolation kits 
(NEXTprep-Mag Urine cfDNA Isolation Kit (PerkinElmer), Urine Cell-Free 
Circulating DNA Purification Midi Kit (Norgen Biotek)) we have revealed 
important specifications of each kit with different advantages and disadvanta-
ges considering cfDNA yield, processing time, price per sample, etc. Results 
have shown a vast variation in isolated DNA yields between both, different 
individuals, and separate days for the same individuals. We have also obser-
ved gender-related differences in cfDNA yields which are consistent with 
previous studies [94,95]. Strong signal of DNA fractions longer than known 
~180 bp fragments have been detected suggesting that this fraction possibly 
derives from the epithelium of the urinary tract, after shedding and subsequ-
ent lysis of epithelial cells. Consequently, these longer fragments could cau-
se wild-type contamination in the sample. For the above-mentioned reasons, 
using the urine cfDNA for the rare somatic analysis of cancers could be extre-
mely challenging. Therefore, current recommendations suggest that plasma 
samples are a superior biological source for the cfDNA analysis [96]. In addi-
tion, plasma sampling is minimally invasive and well standardized. 

The isolation procedure of plasma cfDNA could be affected by many 
pre-processing variables that should be considered. Thus, we have studied the 
impact of several important sample processing variables (e. g. isolation kit, 
storage, hemolysis, etc.) that could affect cfDNA and wild type gDNA yields. 
All three isolation kits tested (NextPrep-Mag cfDNA Isolation Kit (Bioo 
Scientific), MagMAX Cell-Free DNA Isolation Kit (Thermo Fisher Scienti-
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fic), QIAamp Circulating Nucleic Acid Kit (Qiagen)) performed differently 
and should be selected according to the user’s applications. Currently, QIA-
amp Isolation Kit is reported to be the most recommended for cfNA isolati-
on [57,97–102], and we have also shown that a significantly greater amount 
of cfDNA was detected when quantified by the fluorescence-based method. 
Moreover, we have found that QIAamp Isolation Kit was more suitable for 
simultaneous circulating miRNA isolation in plasma.

Furthermore, we have compared different cfDNA sequencing approaches 
and analysed thresholds of artefacts by using cfDNA Horizon Reference 
Standard Set (Wild Type cfDNA Reference Standard and the 0.1 % cfDNA 
Reference Standard). Sequencing results of libraries with and without UMI 
have revealed that despite the loss of sequencing depth in UMI libraries, si-
gnal noise is significantly reduced. Results are concordant to the literature 
which shows improved accuracy of sequencing when using molecular tag-
ging approach [61,62]. While low biomass samples require a lot of PCR cy-
cles, the use of UMI libraries significantly reduce PCR errors. Also, read 
collapsing by UMI families allows to correctly quantify the AF and detect 
rare somatic alterations.

By implementing the above-described benchmarking and cfDNA analysis 
optimisation results, we have performed an analysis of mutational profiles of 
GC tissue and plasma samples. We have included the investigation of plasma 
cfDNA yield, fragmentation, correlation with oncoproteins and clinical data. 
Our cfDNA yield and fragmentation analysis have supported the previous 
findings by other studies [103–106], revealing a dramatic increase in total 
cfDNA yield, moderate positive correlation with serum CEA level, and smal-
ler mono- and di-nucleosomal fragments for GC patients compared to the 
control. Although a high effort was made to accurately describe cancers in the 
molecular level (The Cancer Genome Atlas Research Network) [69], there is 
a lack of studies and gene panels for cfDNA analysis which could be appli-
cable for everyday cancer diagnostics. Thus, we have evaluated the somatic 
mutational profile for GC tissue (WES sequencing) and developed a unique 
38-gene panel. The panel consisted of GC related genes that were also repor-
ted in the COSMIC database [107] and was used for plasma cfDNA sample 
sequencing with a UMI tagging approach. Studies that were conducted by 
other authors have shown that the fraction of cancer patients with detectable 
tumour-derived somatic mutations in plasma cfDNA varies between 33.9 % 
to 58 % [41,108,109], and in comparison, our data have shown the concor-
dance rate of 47.8 %. Overall, somatic variants in plasma cfDNA have been 
detected for the solid proportion of the patients: 21 of 23 alteration-positive 
tissue samples (91.3 %). In addition to this, quantitative analysis of tumo-
ur-derived alterations tracked in plasma showed that these variants have been 
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detected more often for patients with more advanced tumours (T3-T4 stage). 
Similar findings were reported by Hamakawa et al. and Fang et al. [41,43]. 
However, it is important to note, that even a relatively small (T1-T2) GC tu-
mour could shed detectable ctDNA signals and in our case consisted of 10 % 
of the study cohort. 

For a more detailed discussion on the results please refer to the papers re-
lated to the study of Genetic signatures (“Quantifying cell free DNA in urine: 
comparison between commercial kits, impact of gender and inter-individual 
variation”, “Effects of Quantification Methods, Isolation Kits, Plasma Bio-
banking, and Hemolysis on Cell-Free DNA Analysis in Plasma”, “Quanti-
fying sequencing error and effective sequencing depth of liquid biopsy NGS 
with UMI error correction”, and “Liquid biopsy in gastric cancer: analysis 
of somatic cancer tissue mutations in plasma cell-free DNA for predicting 
disease state and patient survival”).

Finally, in the third part “Multi-layer molecular analysis” we have sum-
marised data from “Epigenetic signatures” and “Genetic signatures”. Com-
plete GC patients’ cases were used for survival and discriminant analysis 
(T1-T2 vs. T3-T4 and M0 vs. M1). Survival analysis has revealed significant 
results when stratifying the groups by a quantity of tumour-derived somatic 
variants detected in plasma cfDNA. Also, a significant association with worse 
survival was revealed when levels of hsa-miR-129-1-3p were combined with 
quantitative analysis of GC-derived somatic variants in plasma samples. To 
date, worse overall survival for GC patients with increased total cfDNA yield 
[110], low cfDNA methylation level [111] and detection of ctDNA [112] was 
shown. In the terms of circulating miRNAs, although altered levels of several 
plasma miRNAs (e. g. miR-21, miR-23b [113]) have already been linked with 
the GC prognosis before, miRNA hsa-miR-129-1-3p alone or in combination 
with other analytes have been associated with GC patients’ survival for the 
first time in our study. 

In addition, by implementing the computational biology methods, we have 
estimated the importance of multi-level molecular analytes for discrimina-
tive analysis. We have shown that the expression level of hsa-mir-129-1-3p 
and the detected somatic alterations in the plasma cfDNA could potential-
ly be applied for discrimination between patients with and without distant 
metastasis (AUC = 0.818). In comparison, Bu et al. [110] have shown that 
plasma cfDNA yield performed well in the prediction of distant metastases 
(AUC = 0.756), while in our analysis it was shown to possibly be an im-
portant attribute for discrimination between T1-T2 vs. T3-T4. Recent efforts 
for improving GC patients’ care have included the multi-omics approach and 
have tried to address the issues related to response to neoadjuvant chemothe-
rapy [49] or early diagnostics [50]. However, to our best knowledge, this is 
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the first study that has performed a comprehensive multi-layer analyte (epige-
netic and genetic) analysis for GC prognosis and disease state.

Despite promising results that were presented in our study, there are some 
limitations that need to be addressed. First, plasma cfDNA analysis in sam-
ples of control and premalignant stages would help to estimate the sensitivi-
ty and specificity of custom gene panel for GC diagnostics. Also, the study 
sample size is small, and the study of Genetic signatures was not validated 
by different approach such as droplet digital PCR or in independent cohort 
of samples. However, it is important to note that the study population was 
well clinically defined and tested for many multi-layer clinically relevant va-
riables. Moreover, a study involving an independent study population (GC 
patients’ plasma samples collected during the course of a disease) is carried 
out at the moment by our group. Despite the above-mentioned limitations, we 
believe that this study adds very important new data for the development of 
clinically relevant liquid biopsy tools in patients with GC.

To conclude, circulating plasma miRNA and cfDNA remains one of the 
most frequently investigated molecular analytes. Our results have shown that 
by implementing sensitive sequencing-based analysis, molecular tools such 
as UMI tagging and multi-layer molecular modelling approaches, specific 
epigenetic and genetic alterations could be detected in the plasma of GC pa-
tients, helping to predict survival and disease state. Plasma sampling is a con-
venient and well-standardized procedure suitable for liquid biopsy in many 
different cancers and, although plasma cfNA analysis for routine applications 
is still challenging, analysis of multi-layer molecular analytes shows a great 
potential for minimally invasive tumour genome and/or epigenome characte-
risation, diagnosis, and prognosis.
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 SUMMARY OF CONCLUSIONS

1. Gastric tissue small RNA sequencing revealed 129 (82 up-regulated and 
47 down-regulated) differentially expressed miRNAs when comparing 
gastric cancer and controls, 99 (67 up-regulated and 32 down-regula-
ted) – gastric cancer and atrophic gastritis, and 20 (6 up-regulated and 
14 down-regulated) - atrophic gastritis and controls.

2.1. Gastric tissue small RNA sequencing data showed that hsa-miR-129-
1-3p and hsa-miR-196a-5p were deregulated gradually: following 
control, atrophic gastritis, and gastric cancer pathological cascade. 
Only hsa-miR-129-1-3p was significantly down-regulated in blood 
plasma samples when comparing atrophic gastritis and gastric cancer 
groups.

2.2. Expressions of hsa-miR-20b-5p and hsa-miR-451a-5p were signi-
ficantly deregulated in gastric cancer tissue compared to controls. 
Experimental down-regulation of hsa-miR-20b-5p and up-regulati-
on of hsa-miR-451a-5p in vitro revealed tumour-suppressive role by 
possibly targeting genes involved in PI3K/AKT/mTOR signalling 
pathway.

3. Whole-exome sequencing and very deep targeted sequencing data in 
tissue and plasma samples, respectively, revealed a 47.8 % concor-
dance rate of the mutational profiles. Although, tumour-derived cell-
free DNA sequence alterations were detected more often in samples 
of the patients with larger tumours (T3-T4), mutations were also de-
tected for patients with T1-T2 status.

4. The increasing quantity of tumour-derived mutations in cell-free 
DNA and low expression level of hsa-miR-129-1-3p were associated 
with the worse patients’ survival. Low expression level of hsa-mir-
129-1-3p and the presence of somatic alterations in plasma could be 
potentially applied for discrimination of patients with distant metas-
tasis (AUC = 0.818).
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 PRACTICAL RECOMMENDATIONS

In this work we have conducted several benchmark studies that address 
the cfDNA isolation related challenges and, therefore, enable us to indicate 
important practical recommendations that could be useful in both laborato-
ry-research and translational-clinical, fields.

1. When designing a study, we recommend large sample amounts of urine 
to be collected. For NGS with 50 ng of cfDNA, we recommend collec-
ting 60–70 mL urine.

2. Different fragment yields of urine cfDNA is isolated by using different 
commercially available isolation kits. It is critical to estimate fragment 
distribution by automated capillary electrophoresis (high-sensitivity re-
agents) and reconsider samples with strong signal of a peak > 1000 bp, 
which possibly appear from lysed normal epithelial cell of urinary tract. 
Moreover, researchers must be aware that this peak indicates potential 
source of gDNA contamination, which could complicate detection of 
rare somatic variants.

3. Above-mentioned points suggest that urine cfDNA analysis is still chal-
lenging and more reliable results could be obtained by using standar-
dized collection of blood plasma. We recommend collection of plasma 
into tubes with K2EDTA stabilizer (10 mL, Cat. No. 366643), and pro-
cess with centrifugation within 1 hour. Double centrifugation and smo-
oth brake profile should be used to prevent disruption of the buffy coat 
layer and possible gDNA contamination (first centrifugation step: room 
temperature at 2000 × g for 10 minutes with smooth brake profile; se-
cond: 3000 × g for 10 minutes with smooth brake profile).

4. We recommend plasma cfDNA quantification by automated capilla-
ry electrophoresis (high-sensitivity reagents) selecting the size range 
between 100 bp and 400 bp manually to estimate cfDNA yield. Re-
commended cfDNA amount depends on application, however 40-50 ng 
per ml of plasma on average for cancer patients could be normally ob-
tained and one blood collection tube is enough. However, cfDNA yield 
in healthy individuals is extremely low and this should be considered 
when designing a study (two or more blood collection tubes could 
be necessary). Reconsider inclusion of samples with prominent peak 
> 1000 bp as described in paragraph no. 1.
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5. UMI tagging approach requires very deep target sequencing (Illumina 
recommends sequencing to 35,000× minimum raw sequencing depth), 
however, this approach allows confident rare variant calling and quan-
tification (in case VAF ~0.3 %). Paired cancer or normal tissue samples 
would help to confidently discriminate between sequencing artifacts 
and/or true somatic variants.
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 SANTRAUKA

Įvadas. Laisvai cirkuliuojančios nukleorūgštys (lcNR) į kraujotaką paten-
ka ląstelės apoptozės, nekrozės ar net aktyvios sekrecijos metu ir gali atspin-
dėti ląstelės, iš kurios yra kilusi, genetiką ir epigenetiką [8]–[11]. Tyrimai, 
kuriuose dalyvavo sveiki asmenys, rodo, kad didžiausią lcNR frakciją su-
daro laisvai cirkuliuojanti DNR (lcDNR), kilusi iš kraujodaros ląstelių [10]. 
LcDNR fragmento dydis yra apie 180 bazių porų (bp) [12]–[14] ir atitinka 
DNR apsivijusios aplink nukleosomą ilgį [15]. Tačiau tyrimai rodo, kad gali-
ma ir kitokia lcDNR fragmentacija: trumpesni fragmentai aptinkami auglio, 
vaisiaus kilmės lcDNR [13], [16] ir organų transplantacijos atveju [17]. Kai 
lcDNR patenka į kraujotaką, jos šalinimas yra ypač greitas: nuo 16 minučių 
iki 2,5 valandos [18]–[20]. Svarbu pažymėti, kad ši lcDNR savybė laikoma 
viena iš svarbiausių, ypač šio molekulinio įrankio pritaikymui stebėti ligos 
eigą „realiu laiku“ ar kuomet reikalingas pakartotinis ir ilgalaikis mėginių 
ėmimas pacientams.

Nuolatinis ligos būklės stebėjimas yra labai svarbus vėžiu sergančių paci-
entų medicininei priežiūrai. Taigi, navikinės kilmės lcDNR – dar vadinama 
cirkuliuojančia naviko DNR (cnDNR) – gali būti labai perspektyvus moleku-
linis įrankis ir padėti sumažinti invazinių intervencijų poreikį. CnDNR krau-
jotakoje gali atsirasti iš pirminių arba metastazavusių navikų bei cirkuliuojan-
čių naviko ląstelių. Remiantis literatūra, cnDNR dalis kraujotakoje svyruoja 
nuo mažiau nei 0,1 % iki daugiau nei 25 % [21], [22]. Yra parodyta, kad 
lcDNR kiekis yra susijęs su naviko išplitimu, jo atsinaujinimu ir paciento 
atsaku į gydymą [21], [23], [24]. Naujausi technologiniai sprendimai leidžia 
atlikti išsamesnę cnDNR analizę. Naujos kartos sekvenavimas (NKS) įgalina 
taikyti taikininę specifinių genų sekoskaitą (angl. targeted gene sequencing) 
ar net analizuoti visą genomo seką (angl. whole genome sequencing). Tai lei-
džia nustatyti daugybę pakitimų, įskaitant chromosominius pokyčius, genų 
amplifikacijas ir kitus genų persitvarkymus [6], [25]–[28].

Cirkuliuojančios DNR mutacijos yra genetiniai pokyčiai, atspindintys tik 
dalį su naviku susijusių molekulinių procesų. Kraujo mikroRNR (miRNR) 
profiliavimas taip pat gali suteikti labai vertingos epigenetinės informaci-
jos. Šiandien yra žinoma daugiau nei 2500 miRNR, kurios yra siejamos su 
svarbiais biologiniais procesais (2021 m. gruodžio mėn. „miRBase“ versija 
22) [29]. MiRNR yra puikus kandidatas tapti plačiai taikomu biožymeniu: 
miRNR yra viena gausiausių RNR molekulių kraujyje, be to, mažas miRNR 
molekulių dydis lemia jų stabilumą ir leidžia atlikti patikimą analizę dau-
gelyje skirtingų biologinių skysčių [30]. Atlikti tyrimai rodo, kad kraujyje 
cirkuliuojančių miRNR profilis atspindi naviko audinio profilį, o tai gali būti 
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pritaikoma minimaliai invazinei diagnostikai [31], [32]. Svarbus ne tik di-
agnostinis, bet ir terapinis miRNR potencialas, dėl šios priežasties miRNR 
funkciniai tyrimai, apimantys genų taikinių nustatymą ir in vitro analizę, yra 
ypatingos svarbos.

Skrandžio vėžys (SV) yra viena iš labiausiai paplitusių virškinamojo trak-
to onkologinių ligų Lietuvoje ir visame pasaulyje [34]. Jis dažnai diagno-
zuojamas jau pažengusiose stadijose, o per 2020-uosius sąlygojo 768 tūkst. 
žmonių mirčių visame pasaulyje (2020 m. GLOBOCAN duomenys) [34]. 
Daugeliu atvejų SV vystymasis yra laipsniškas procesas ir gali apimti tokias 
būkles kaip lėtinis skrandžio gleivinės uždegimas, atrofinis gastritas (AG), 
žarnyno metaplazija (ŽM) ir galiausiai SV. Tai kompleksinė liga, atsirandanti 
dėl aplinkos (pvz., mityba, didelis druskos suvartojimas ir kt.) ir paties orga-
nizmo (pvz., H. Pylori infekcija, genetika, amžius ir kt.) veiksnių sąveikos.

Tik nedidelė dalis (apie 10 %) SV atvejų turi teigiamą šeiminę anamnezę 
ir tik 1–3 % turi nustatomas lytinių ląstelių mutacijas – daugiausia CDH1 
gene, kuris koduoja E-kadherino baltymą [35]. Daugeliu atvejų paveldimą 
ligą lemiantys genetiniai pakitimai lieka nežinomi. Per pastarąjį dešimtmetį 
atlikti tyrimai prisidėjo prie išsamesnio SV molekulinio profilio nustatymo ir 
parodė, kad procesą inicijuojantys genetiniai pokyčiai dažniausiai aptinkami 
onkogenuose, tokiuose kaip KRAS, PIK3CA, CNTBB1, ERBB3 ir kt., ir navi-
ko supresoriuose, tokiuose kaip TP53, CDH1, ARID1A, FAT4 ir kt. [38].

Nepaisant instrumentinių diagnostinių tyrimų (endoskopinė biopsija ir 
kompiuterinė tomografija, pozitronų emisijos tomografija ir kt.) įvairovės, 
vis dar yra keletas labai svarbių iššūkių SV diagnostikoje: mirtingumas, su-
sijęs su ligos diagnozavimu pažengusioje stadijoje, bei sunkumai nustatant 
komplikacijas, tokias kaip minimali liekamoji liga ar naviko išplitimas į pil-
vaplėvės ertmę [39]. Įprastų diagnostikos metodų bei šiuo metu naudojamų 
molekulinių biožymenų vaidmuo, diagnozuojant SV ankstyvose stadijose ir 
nustatant komplikacijas, išlieka labai ribotas. Be to, standartinės biopsijos su-
sijusios su įvairiomis komplikacijomis [40]. Apibendrinant, šiuo metu vis dar 
labai reikalingi minimaliai invaziniai biožymenys, kurie padėtų pagerinti SV 
pacientų medicininę priežiūrą, šios ligos diagnostiką ir stebėjimą. Daugelis 
tyrimų rodo, kad taikant genetinį [41]–[43] ir epigenetinį [44]–[46] mole-
kulinį profiliavimą, skystosios biopsijos tyrimai galėtų reikšmingai prisidėti 
sprendžiant daugelį su SV diagnostika ir prognoze susijusių problemų. Tyri-
mai taip pat rodo svarbią pažangą taikant daugiasluoksnę molekulinę anali-
zę diagnostikai. Pavyzdžiui, Kohenas su bendraautoriais sukūrė baltymų ir 
lcDNR vertinimu pagrįstą CancerSEEK aštuonių dažnai sutinkamų navikų 
nustatymo testą, kurio jautrumas siekia nuo 69 % iki 98 %, o specifiškumas > 
99 % [50]. Tačiau SV atveju nėra tyrimų, įtraukiančių epigenetinį, genetinį ir 
baltymų lygmenis į daugiasluoksnę molekulinę analizę.
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Šiame tyrime vertinome skystosios biopsijos analizės pritaikomumą skran-
džio navikų tyrimams. Šiam tikslui pasirinkome išsamų įvairius lygmenis 
apimantį studijos dizainą: nuo tinkamiausios biologinės medžiagos ir kraujo 
paruošimo įtakos iki plazmos ir audinių molekulinių profilių palyginimo ir 
net funkcinės molekulių analizės in vitro. Pilnam SV ir AG audinių miRNR 
profiliavimui, pakitusios raiškos miRNR validavimui plazmoje ir plazmos 
lcDNR mutacijų profilio nustatymui naudojome aukšto našumo ir tikslumo 
molekulinius metodus (pvz.: mažųjų RNR sekoskaitą, viso egzomo sekoskai-
tą, realaus laiko PGR (RL-PGR) ir kt.). Visa tai leido įgyvendinti šį tyrimą ir 
pateikti optimizuotus kraujo apdorojimo protokolus, nustatyti miRNR, kurios 
pakinta gastrito-karcinomos eigos metu, parodyti dviejų plačiai tirtų miRNR 
vaidmenį skrandžio kancerogenezėje, įvertinti plazmos lcDNR somatinius 
pakitimus ir atskleisti, kad daugiasluoksnė molekulinė analizė gali būti pers-
pektyvus SV eigos stebėjimo ir prognozės įrankis.

Darbo tikslas. Šiuo tyrimu buvo siekiama analizuoti laisvai cirkuliuojan-
čias nukleorūgštis skrandžio vėžiu sergančių pacientų kraujo plazmoje ir įver-
tinti šių biožymenų funkciją bei tinkamumą minimaliai invazinei diagnostikai 
ir prognozei.

Darbo uždaviniai:
1. Ištirti pacientų, sergančių atrofiniu gastritu ir skrandžio vėžiu, 

mikroRNR profilį audiniuose, lyginant su kontroline grupe.
2. Validuoti labiausiai pakitusių su audiniu susijusių mikroRNR raiš-

ką skrandžio vėžio pacientų kraujo plazmoje ir įvertinti specifinių 
mikroRNR funkcinį vaidmenį skrandžio kancerogenezėje.

3. Nustatyti skrandžio audinio DNR ir plazmos laisvai cirkuliuojančios 
DNR mutacijų profilius skrandžio vėžiu sergantiems pacientams ir 
įvertinti plazmos laisvai cirkuliuojančios DNR sąsają su klinikiniais 
duomenimis.

4. Įvertinti daugiasluoksnio molekulinio profiliavimo pritaikomumą 
skrandžio vėžio prognozei ir ligos būklės stebėjimui.

Mokslinis darbo naujumas ir aktualumas. Šiame tyrime pateikiami: 
(1) skrandžio ikinavikinių (AG), navikinių (SV) ir kontrolinių (KON) audinių 
diferenciniai miRNR raiškos profiliai bei labiausiai dereguliuotų miRNR ana-
lizė kraujo plazmoje; (2) naujos įžvalgos, atskleidžiančios svarbų hsa-miR-
20b-5p ir hsa-miR-451a-5p vaidmenį skrandžio kancerogenezėje, ir galinčios 
pasitarnauti ateityje kuriant skrandžio navikų gydymo strategiją; (3) įžval-
gos apie šlapimo surinkimą skystosios biopsijos tyrimui ir lcDNR analizei; 
(4) optimizuoti lcNR išskyrimo protokolai ir išsamus ėminio laikymo ir ap-
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dorojimo sąlygų (saugojimas, hemolizė, išskyrimo metodas), galinčių turėti 
įtakos lcNR kokybei, aprašymas; (5) dviejų plazmos lcDNR sekos nustatymo 
metodų palyginimas, siekiant patikimai aptikti žemo dažnio somatinius va-
riantus; (6) SV audinių ir plazmos mutacijų profilių persidengimo ir galimo 
pritaikomumo ligos stebėjimui ir išgyvenamumui analizė.

Apibendrinant, tai yra pirmasis tyrimas, kuriame buvo pateikti išsamūs eu-
ropietiškos kilmės tiriamųjų ikinavikinių ir navikinių skrandžio audinių miR-
NR profiliai, parodytas funkcinis specifinių epigenetinių biožymenų (hsa-
miR-20b-5p) vaidmuo skrandžio kancerogenezėje, įvertintas SV plazmos ir 
audinių mutacijų profilių persidengimas, naudojant unikalius molekulinius 
žymenis (UMŽ) (angl. unique molecular identifiers (UMI)) ir gilią sekoskai-
tą, bei SV eigos statuso ir išgyvenamumo analizėje įdiegta 14 daugiasluoks-
nių molekulinių analičių, apjungiančių keletą molekulinių lygmenų: genetinį, 
epigenetinį ir baltymų. Šis išsamus tyrimas pateikia svarbių rezultatų, susi-
jusių su ėminio apdorojimu ir sekoskaitos metodo parinkimu, atsižvelgiant į 
skystosios biopsijos pritaikymą SV diagnozei ir prognozei.

Autoriaus indėlis. Žemiau pagal su disertacija susijusias publikacijas 
(A1–A6, pateiktas skyriuje List of scientific papers) pateikiamas autorės 
Gretos Varkalaitės indėlis.

A1: prisidėjo prie studijos koncepcijos ir tyrimo planavimo, tyrimo daly-
vių klinikinių ir fenotipinių duomenų rinkimo, atliko visus tyrimus 
ir laboratorinius eksperimentus (bendros RNR ir lcDNR išskyrimas, 
kokybės kontrolė, RL-PGR), duomenų analizę (mažųjų RNR se-
koskaitos duomenų analizė, diferencinė miRNR raiškos ir statistinė 
analizė), ir parengė publikaciją. Naudoti bioinformatiniai įrankiai ir 
paketai plačiau aprašyti skyriuje 1.5 Next-generation sequencing and 
bioinformatics data analysis section.

A2: atlikti laboratoriniai eksperimentai (RL-PGR, baltymų tyrimas Wes-
tern Blot metodu, ląstelių kultūrų liposominė transfekcija, MTT, ko-
lonijų formavimo, apoptozės, žaizdos gijimo (angl. Wound healing) 
tyrimai), duomenų analizė (in silico miRNR genų taikinių numaty-
mas, statistinė analizė) ir duomenų vizualizacija, parengė pirminį 
publikacijos rankraštį, prisidėjo prie straipsnio rašymo, recenzavimo 
ir redagavimo proceso.

A3: atliko lcDNR išskyrimą (šlapimo mėginiai), kokybės kontrolę ir kie-
kybinį lcDNR vertinimą, lcDNR sekoskaitos bibliotekų konstravimą 
ir sekoskaitos eksperimentus, išanalizavo duomenis ir prisidėjo prie 
publikacijos rengimo.

A4: atliko visus laboratorinius eksperimentus ir tyrimus (kraujo plazmos 
paruošimas, lcDNR išskyrimas iš plazmos mėginių, kokybės kontro-
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lė ir kiekybinis vertinimas, RL-PGR), statistię duomenų analizę ir 
vizualizaciją, parengė publikaciją.

A5: buvo atsakinga už duomenų analizę (lcDNR UMŽ sekoskaitos duo-
menų analizė), prisidėjo prie publikacijos rengimo ir gavo pilną atsa-
kingos autorės (angl. corresponding author) sutikimą naudoti ir ap-
ginti šį straipsnį savo disertacijoje. Naudoti bioinformatiniai įrankiai 
ir paketai plačiau aprašyti skyriuje 1.5 Next-generation sequencing 
and bioinformatics data analysis section.

A6: atliko laboratorinius eksperimentus (DNR išskyrimas iš audinių mė-
ginių, lcDNR išskyrimas iš plazmos mėginių, ELISA, bibliotekų pa-
ruošimas viso egzomo sekoskaitai ir tikslinei lcDNR sekoskaitai), 
klinikinių ir fenotipinių tyrimo dalyvių duomenų rinkimą, duomenų 
analizę ir interpretavimą (viso egzomo ir lcDNR UMŽ sekoskaitos 
duomenų analizė, genų sąrašo signalinių kelių praturtinimo, diskrimi-
nacinė analizė, pagrįsta daugiakomponenčiu analičių modeliavimu, 
statistinė analizė), vizualizavo duomenis, paruošė publikaciją. Nau-
doti bioinformatiniai įrankiai ir paketai plačiau aprašyti skyriuje 1.5 
Next-generation sequencing and bioinformatics data analysis secti-
on.

Medžiagos ir metodai. Disertacijoje atliktiems tyrimams gauti atitinka-
mų institucijų etikos leidimai (Nr. BE-2-10, Nr. BE-2-31 ir Nr. B327/10, Nr. 
D470/14) (1-2 ir 3-4 priedai). Tiriamoji populiacija detaliai aprašyta atitinka-
mose publikacijose: “Atrophic gastritis and gastric cancer tissue miRNome 
analysis reveal hsa-miR-129-1 and hsa-miR-196a as potential early diagnos-
tic biomarkers”, “miR-20b and miR-451a Are Involved in Gastric Carcino-
genesis through the PI3K/AKT/mTOR Signaling Pathway: Data from Gastric 
Cancer Patients, Cell Lines and Ins-Gas Mouse Model”, “Quantifying cell 
free DNA in urine: comparison between commercial kits, impact of gender 
and inter-individual variation” and “Effects of Quantification Methods, Iso-
lation Kits, Plasma Biobanking, and Hemolysis on Cell-Free DNA Analysis in 
Plasma”, “Liquid biopsy in gastric cancer: analysis of somatic cancer tissue 
mutations in plasma cell-free DNA for predicting disease state and patient 
survival”. Genominė DNR (gDNR) iš SV audinių ir pacientų kraujo leukocitų 
bei visuminė RNR buvo išskirta naudojant komercinius rinkinius: AllPrep 
DNA/RNA Mini Kit (Qiagen) ir išdruskinimo (angl. salting-out) metodą, bei 
miRNeasy Mini Kit arba miRNeasy Micro Kit (Qiagen). Šlapimo lcDNR sky-
rimui naudoti du komerciniai rinkiniai: (1) NEXTprep-Mag Urine cfDNA Iso-
lation Kit (PerkinElmer); (2) Urine Cell-Free Circulating DNA Purification 
Midi Kit (Norgen Biotek). Taip pat, plazmos lcDNR: (1) NextPrep-Mag cf-



54

DNA izoliavimo rinkinys (Bioo Scientific); (2) MagMAX Cell-Free DNA Iso-
lation Kit (Thermo Fisher Scientific); (3) QIAamp Circulating Nucleic Acid 
Kit (Qiagen). Visos procedūros buvo atliekamos pagal gamintojo instrukcijas. 

Kiekybinė RL-PGR buvo naudojami šie TaqMan mikroRNR zondai ir pra-
dmenys: hsa-miR-129* (ID: 002298), hsa-miR-196a (ID: 241070_mat), has-
miR-223 (ID: 002098), hsa-miR-20b 5p (ID: 001014) ir hsa-miR-451a-5p 
(ID: 001141), RL-PGR atlikta naudojant 7500 Fast realaus laiko PGR siste-
mą (Applied Biosystems). Slenkstinio ciklo (Ct) reikšmės buvo normalizuotos 
naudojant RNU6B (ID: 0010930) arba has-miR-16 (ID: 000391) (Thermo 
Fisher Scientific) endogenines kontroles.

Mažųjų RNR sekoskaitos bibliotekos buvo paruoštos naudojant Illumina 
TruSeq Small RNA Sample Preparation Kit (Illumina) ir sekvenuotos naudo-
jant Illumina HiSeq 2500 platformą pagal gamintojo protokolą. Mažųjų RNR 
sekoskaitos duomenų analizė atlikta naudojant nf-core/smrnaseq analizės al-
goritmą v.1.0.0. SV audinių ir to paties paciento kraujo leukocitų mėginių eg-
zomo sekoskaita buvo atlikta naudojant Illumina TruSeq Nano DNA Library 
Prep Kit (Illumina) ir Integrated DNA Technologies xGen Exome Research 
Panel (Integrated DNA Technologies). Labai gilus sekos nustatymas (40 000 
×) buvo atliktas plazmos lcDNR, o bibliotekos sukonstruotos naudojant Tru-
Sight Oncology UMI reagentus (Illumina) ir Integrated DNA Technologies 
xGen Custom Panel (Integrated DNA Technologies). Mėginiai buvo sekve-
nuoti naudojant NovaSeq 6000 platformą pagal gamintojo instrukcijas. GATK 
Best Practices paired-sample [51] analizės algoritmas buvo naudojama eg-
zomo sekos duomenų analizei, o plazmos lcDNR sekos analizė buvo atlik-
ta naudojant Illumina UMI Error Correction App (v1.0.0.1) bioinformatinį 
įrankį.

AGS ir MKN28 ląstelių linijų transfekcijai ir funkcinei analizei naudotos 
sintetinės miRNR: hsa-miR-451a-5p, hsa-miR-20b-5, anti-miR-20b ir miR-
NR neigiama kontrolė (miRVana, Ambion by Thermo Fisher Scientific). Po-
tencialių miRNR genų taikinių analizė atlikta šia tvarka: (1) in silico analizė 
(DIANA Lab Tools TarBase, miRanda, TargetScan), (2) baltymų pokyčių ana-
lizė Western Blot metodu ir (3) luciferazės reporterio tyrimas. Funkciniai ląs-
telių tyrimai apėmė MTT, kolonijų formavimo, tėkmės citometrijos (Annexin 
V/ PI) bei žaizdų gijimo tyrimus. Western Blot tyrime buvo naudojami šie 
antikūnai: IRF1 (ab186384; Abcam), PTEN (ab32199, Abcam), TXNIP (40-
3700; Thermo Fisher Scientific), CAV1 (ab192869, Abcam), TSC1 (37-0400, 
Thermo Fisher Scientific), ir GAPDH (AM4300; Ambion by Thermo Fisher 
Scientific). Serumo onkobaltymams nustatyti buvo naudojamas su fermentais 
susietas imunosorbentinis tyrimas (ELISA) ir šie komerciniai rinkiniai: žmo-
gaus karcinoembrioninio antigeno (CEA) (ab99992; Abcam), žmogaus vėžio 
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antigeno CA 19-9 (ab108642; Abcam) ir žmogaus vėžio antigeno CA 72-4 
(E-EL-H0613; Elabscience).

Rezultatai ir jų apžvalga. Ankstyvųjų diagnostinių žymenų, ypač mi-
nimaliai invazinių, tyrimas yra itin aktuali tema dėl kurios ateityje tikimasi 
žymiai pagerinti SV pacientų diagnostiką, ligos eigos stebėjimą ir išgyvena-
mumą. Tyrimai rodo, jog yra daug įvairių molekulių, kurias galima aptikti ir 
sekti ligos eigoje skirtinguose kūno skysčiuose. Studijų rezultatai atskleidė, 
kad įvairios miRNR yra susijusios su SV [46], [64] ar net ikinavikinėmis SV 
būklėmis [45], [65], o audinių miRNR gali būti atspindimos kraujo plazmoje 
ir aptiktos minimaliai invaziniu būdu [66], [66], [67]. Naujausiuose pasau-
liniuose tyrimuose ir net tarptautiniuose projektuose, tokiuose kaip GRA-
IL [68], [69], daugiausia dėmesio skiriama cnDNR, kuri turi platų taikymo 
spektrą nuo ligos nustatymo [70], jos atsinaujinimo [71], [72] iki terapijos 
efekto [73] vertinimo. Visi šie tyrimai sudaro tvirtą pagrindą tolesnei analizei 
ir minimaliai invazinių molekulių ar jų derinių identifikavimui vėžiu sergan-
tiems pacientams, tai taip pat padeda geriau suprasti pagrindinius patologi-
nius molekulinius procesus, vykstančius kancerogenezės metu. Taigi, šioje 
disertacijoje pristatomas tyrimas, susidedantis iš dviejų pagrindinių dalių, 
analizuojančių dviejų tipų  cirkuliuojančias molekules plazmoje ir įtraukian-
čių bioinformatinių įrankių pritaikymą, tiesiogiai arba netiesiogiai sprendžia 
su SV diagnoze ir prognoze susijusias problemas.

Pirmoji šio darbo dalis „Epigenetiniai žymenys“ apėmė šiuos miRNR ana-
lizės aspektus: (1) kontrolinių, ikinavikinių ir navikinių skrandžio audinio 
grupių miRNR profilių įvertinimą, (2) hsa-miR-129-1-3p ir hsa- miR-196a-
5p raiškos įvertinimą kraujo plazmoje ir (3) hsa-miR-20b-5p ir hsa-miR-
451a-5p vaidmens skrandžio kancerogenezėje analizę.

Pirmiausia, kontrolinės grupės (KON), ikinavikinių (atrofinio gastrito 
(AG)) ir navikinių būklių skrandžio audinių mažųjų RNR sekoskaitos duo-
menys atskleidė tiek anksčiau su SV sietus, tiek ir naujus miRNR biožyme-
nis-kandidatus. Mūsų rezultatai sutampa su Assumpcao ir bendraautorių bei 
Pereira ir bendraautorių [74], [75] tyrimais ir taip pat patvirtina, kad miRNR, 
tokios kaip hsa-miR-3131, hsa-miR-483, hsa-miR-150, hsa-miR-200a-3p, 
hsa-miR-873-5p įprastai yra dereguliuotos SV atveju. Kita vertus, buvo nu-
statyta ir keletas anksčiau su SV nesietų miRNR, tokių kaip hsa-miR-548ba, 
hsa-miR-4521, hsa-miR-549a. Nors tyrimai rodo, kad hsa-miR-548ba gali 
būti susijusi su šlapimo pūslės vėžiu, hsa-miR-4521 – su H. Pylori infekci-
ja, o hsa-miR-549a – su inkstų vėžiu [76]–[78], duomenų, rodančių galimą 
šių miRNR ryšį su uždegiminiais ar navikiniais skrandžio audinio pakitimais 
šiuo metu nėra. AG miRNR profiliavimo analizė parodė šių miRNR dere-
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guliaciją: pvz., hsa-miR-3591-3p, hsa-miR-122-3p/5p ir hsa-miR-451a, ku-
rios anksčiau jau buvo aprašytos Liu ir bendraautorių tyrime kaip galimi SV 
biožymenys [79]. Tačiau AG audinyje labiausiai pakitusios raiškos miRNR, 
tokios kaip hsa-miR-215, hsa-miR-4497, hsa-miR-1251 ir kt., mūsų tyrime 
buvo nustatytos pirmą kartą. Kitų tyrėjų buvo parodyta, kad miRNR hsa-
miR-215-5p yra dereguliuota sergant kitomis virškinimo trakto patologijo-
mis, tokiomis kaip Barreto stemplė, intraepiteliniai neoplastiniai pažeidimai 
ir opinis kolitas [80]–[82], o hsa-miR-4497 ir hsa-452 ankščiau buvo susietos 
tik su SV [83], [84].

Antra, mes parodėme, kad hsa-miR-129-1-3p ir hsa-miR-196a-5p raiškos 
lygis yra palaipsniui pakitęs audinių mėginiuose ir atitinka KON-AG-SV pa-
togenezės seką. Panašiai kaip ir mūsų tyrime, Wang ir bendraautoriai bei Yu su 
kolegomis taip pat parodė, kad hsa-miR-129-1-3p raiška buvo sumažėjusi SV 
audiniuose, taip pat ši miRNR pasižymi naviką slopinančiomis savybėmis, o 
jos ekspresijos lygis audinyje atsispindi ir skrandžio sultyse [85], [86]. Nors 
anksčiau nebuvo atlikta tyrimų rodančių padidėjusią hsa-miR-196a raišką AG 
audinyje, kitų autorių rezultatai atskleidžia, kad hsa-miR-196a raiška gali būti 
padidėjusi navikiniame skrandžio audinyje, SV pacientų plazmoje ir komer-
cinėse SV ląstelių kultūrose [87], [88]. Dėl šios priežasties mes analizavome 
hsa-miR-129-1-3p ir hsa-miR-196a-5p ekspresiją nepriklausomoje KON, AG 
ir SV plazmos mėginių grupėje ir parodėme panašų šių miRNR raiškos lygį, 
lyginant su audinių mėginiais. Palyginus AG ir SV pacientų grupes, buvo nu-
statyti statistiškai reikšmingi hsa-miR-129-1-3p raiškos skirtumai, o tai rodo 
šios molekulės, kaip minimaliai invazinės diagnostinės analitės, potencialą.

Tolesnė analizė buvo susijusi su hsa-miR-20b-5p ir hsa-miR-451a-5p 
funkcinio vaidmens tyrimu. Remiantis literatūra, šios miRNR yra deregu-
liuotos daugeliu skirtingų piktybinių navikų atveju, įskaitant SV, ir turi didelį 
potencialą tapti naujais terapijos taikiniais ir (arba) navikiniais biožymenimis 
[52]–[58]. Kaip ir kiti tyrėjai [55], [56], [89], [90], mes taip pat parodėme, 
kad hsa-miR-20b-5p raiška yra padidėjusi SV audinių mėginiuose, palyginti 
su kontroline grupe. Mūsų žiniomis, šiuo metu nėra tyrimų, kurie būtų vertinę 
hsa-miR-20b-5p lygį kraujo plazmos mėginiuose. Atitinkamai, mūsų piloti-
nės studijos, įtraukusios plazmos mėginių mažųjų RNA sekoskaitą, rezultatai 
neparodė šios miRNR raišką patvirtinančių nuskaitymų, o tai leidžia manyti, 
kad hsa-miR-20b-5p nepatenka į kraujotaką. Kita vertus, tyrimai rodo, kad 
hsa-miR-451a-5p raiška daugelio navikų atveju, įskaitant ir SV, yra suma-
žėjusi [91]–[93], [53], [58], ir tai taip pat patvirtina mūsų gauti rezultatai. 
Be to, mums pavyko nustatyti hsa-miR-451a-5p raiškos signalus plazmos 
mėginiuose, atliekant pilotinę mažųjų RNR sekoskaitos studiją (duomenys 
nepateikti). Tai atitinka rezultatus ir kitų studijų, kurias atliko Lario ir ben-
draautoriai bei Jiang su kolegomis [59], [60]. Galiausiai nustatėme, kad hsa-



57

miR-20b-5p ir hsa-miR-451a-5p tiesiogiai reguliuoja genų, galimai dalyvau-
jančių PI3K/AKT/mTOR signaliniame kelyje, raišką, o funkcijos praradimo 
(angl. loss-of-function) in vitro eksperimentai atskleidė reikšmingą navikus 
slopinantį poveikį SV atveju.

Apibendrinant, šis tyrimas parodė, kad miRNR profiliavimas gali padė-
ti nustatyti potencialius epigenetinius biožymenis, o plazmos mėginiai gali 
atspindėti audinių miRNR raiškos pokyčius. Kita vertus, miRNR funkciniai 
tyrimai yra labai svarbūs ne tik fundamentaliai, bet ir vertinant tyrimų pritai-
komumą: jie gali padėti pagerinti žinias apie vykstančius molekulinius proce-
sus ir padėti kurti naujas terapijos strategijas.

Išsamesnės diskusijos apie miRNR analizės rezultatus ieškokite publikuo-
tuose straipsniuose, susijusiuose su epigenetinių žymenų tyrimu (“Atrophic 
gastritis and gastric cancer tissue miRNome analysis reveal hsa-miR-129-1 
and hsa-miR-196a as potential early diagnostic biomarkers”, “miR-20b and 
miR-451a Are Involved in Gastric Carcinogenesis through the PI3K/AKT/
mTOR Signaling Pathway: Data from Gastric Cancer Patients, Cell Lines 
and Ins-Gas Mouse Model”).

Antroje disertacijos dalyje „Genetiniai žymenys“ buvo atlikta išsami lc-
DNR analizė, apimanti šiuos aspektus: (1) skirtingų biologinių medžiagų tin-
kamų lcDNR išskyrimui analizę; (2) preanalitinių plazmos mėginių veiksnių 
vertinimą; (3) lcDNR sekoskaitos metodo pasirinkimą; (4) plazmos lcDNR 
mutacijų profilio įvertinimą pacientams, sergantiems SV.

Atlikę dviejų komercinių šlapimo lcDNR išskyrimo rinkinių (NEXT-
prep-Mag Urine cfDNA Isolation Kit (PerkinElmer), Urine Cell-Free Circu-
lating DNA Purification Midi Kit (Norgen Biotek)) palyginimą, atskleidėme 
svarbias kiekvieno rinkinio specifikacijas, skirtingus privalumus ir trūkumus, 
atsižvelgdami į bendrą lcDNR kiekį, mėginio apdorojimo laiką, vieno mėgi-
nio kainą ir t.t. Rezultatai parodė žymius lcDNR kiekio skirtumus tarp skir-
tingų individų ir skirtingų tyrimo atlikimo dienų net tiems patiems asmenims. 
Taip pat pastebėjome su lytimi susijusius lcDNR kiekio skirtumus, kurie yra 
aprašyti ir ankščiau atliktuose tyrimuose [94], [95]. Buvo aptiktas stiprus 
DNR frakcijų, ilgesnių nei žinomi ~ 180 bp fragmentai, signalas, leidžiantis 
manyti, kad ši frakcija gali kilti iš šlapimo takų epitelio po epitelio ląstelių 
lizės. Šie ilgesni fragmentai gali sukelti užteršimą laukinio tipo genomine 
DNR (gDNR) mėginyje. Dėl minėtų priežasčių šlapimo lcDNR naudojimas 
retų somatinių mutacijų analizei gali būti labai sudėtingas. Todėl dabartinėse 
rekomendacijose teigiama, kad plazmos mėginiai yra patikimesnis biologinis 
šaltinis lcDNR analizei [96]. Be to, plazmos mėginių ėmimas yra minimaliai 
invazinis ir gerai standartizuotas.

Plazmos lcDNR išskyrimo procedūrai įtakos gali turėti daugelis preanali-
tinių veiksnių, į kuriuos reikėtų atsižvelgti. Taigi, mes ištyrėme kelių svarbių 
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kintamųjų, tokių kaip išskyrimo rinkinio, mėginio saugojimo, hemolizės ir 
kt., galinčių turėti įtakos lcDNR ir laukinio tipo gDNR kiekiui, poveikį. Visi 
trys išbandyti išskyrimo rinkiniai (NextPrep-Mag cfDNA Isolation Kit (Bioo 
Scientific), MagMAX Cell-Free DNA Isolation Kit (Thermo Fisher Scientific), 
QIAamp Circulating Nucleic Acid Kit (Qiagen)) pasižymėjo skirtingomis sa-
vybėmis ir turėtų būti pasirenkami pagal poreikį. Kitų autorių tyrimai rodo, 
kad QIAamp išskyrimo rinkinys yra dažniausiai rekomenduojamas lcNR iš-
gryninimui [57], [97]–[102]. Mes parodėme, kad šiuo rinkiniu išskiriamas 
reikšmingai didesnis lcDNR kiekis vertinant koncentraciją išmatuotą fluo-
rescenciniu metodu. Be to, buvo parodyta, kad QIAamp išskyrimo rinkinys 
yra tinkamesnis kuomet tuo pačiu metu izoliuojama cirkuliuojanti miRNR 
plazmoje.

Taip pat, palyginome skirtingus lcDNR sekoskaitos metodus ir išanaliza-
vome sekoskaitos artefaktų dažnį, o šiam tikslui naudojome cfDNA Horizon 
Reference Standard Set rinkinį, kuri sudaro laukinio tipo lcDNR referentinis 
standartas ir 0,1 % lcDNR referentinis standartas. Sekoskaitos bibliotekų su 
ir be UMŽ sekomis rezultatai atskleidė, kad nepaisant sekos gylio praradimo 
UMŽ bibliotekose, signalo triukšmas yra reikšmingai sumažinamas. Šie re-
zultatai atitinka ir literatūros duomenis, kur parodytas daug geresnis sekos-
kaitos nustatymo tikslumas, naudojant UMŽ molekulinio žymėjimo metodą 
[61], [62]. Nors ruošiant sekoskaitos bibliotekas mažos biomasės mėginiams 
reikalinga daugiau PGR ciklų, UMŽ naudojimas žymiai sumažina PGR klai-
das. Be to, analizės metu po UMŽ šeimų perdengimo, galima tiksliau įvertinti 
alelių dažnį ir aptikti retas somatines mutacijas.

Įdiegę aukščiau aprašytus lcDNR analizės optimizavimo rezultatus, at-
likome SV audinių ir plazmos mėginių mutacijų profilių analizę. Į tyrimą 
įtraukėme plazmos lcDNR kiekį, fragmentaciją, koreliacijos su onkobalty-
mais ir klinikiniais duomenimis analizę. Bendro lcDNR kiekio ir fragmen-
tacijos vertinimas patvirtino ankstesnius kitų tyrėjų rezultatus [103]–[106] ir 
atskleidė ryškų bendro lcDNR kiekio padidėjimą, vidutinę teigiamą korelia-
ciją su serumo CEA baltymo lygiu ir mažesnius mono- ir di-nukleosominius 
fragmentus SV pacientams, palyginti su kontrole. Nors pastaruoju metu deda-
mos didžiulės tyrėjų pastangos kuo tiksliau apibūdinti molekulinį vėžio profi-
lį (The Cancer Genome Atlas Research Network) [69], vis dar trūksta tyrimų 
ir sudarytų genų rinkinių (panelių), skirtų lcDNR analizei, kurios galėtų būti 
pritaikomos kasdieninėje vėžio diagnostikoje. Todėl įvertinome SV audinio 
somatinių mutacijų profilį (pagal viso egzomo sekoskaitos duomenis) ir su-
kūrėme unikalų 38 genų rinkinį. Rinkinį sudarė su SV susiję genai, aprašyti 
COSMIC (angl. Catalogue of Somatic Mutations in Cancer) duomenų bazėje 
[107]. Šis genų rinkinys buvo naudojamas plazmos lcDNR mėginių sekoskai-
tos metu kartu naudojant UMŽ žymėjimo metodą bei gilią sekoskaitą. Kitų 



59

autorių atlikti tyrimai rodo, kad vėžiu sergančių pacientų pirminio naviko 
kilmės somatinės mutacijos plazmos lcDNR dalis svyruoja nuo 33,9 % iki 
58 % [41], [108], [109], o tuo tarpu mūsų duomenys parodė 47,8 % dažnį. 
Apskritai, somatiniai variantai plazmos lcDNR buvo aptikti nemažai pacientų 
daliai: 21 iš 23 pacientų su mutacijomis nustatytomis audinyje (91,3 %). Be 
to, kiekybinė navikinės kilmės mutacijų plazmoje analizė parodė, kad šie va-
riantai dažniau aptinkami pacientams, turintiems labiau pažengusius navikus 
(T3-T4 stadija). Panašius rezultatus savo studijoje parodė ir Hamakawa su 
bendraautoriais bei Fang su tyrėjų grupe [41], [43]. Tačiau svarbu pažymėti, 
kad mūsų studijoje taip pat buvo nustatyta, kad net santykinai maži SV navi-
kai gali produkuoti aptinkamą cnDNR kiekį (10 % tiriamųjų).

Išsamesnę diskusiją apie rezultatus rasite publikacijose, susijusiose su ge-
netinių žymenų tyrimu (“Quantifying cell free DNA in urine: comparison 
between commercial kits, impact of gender and inter-individual variation”, 
“Effects of Quantification Methods, Isolation Kits, Plasma Biobanking, and 
Hemolysis on Cell-Free DNA Analysis in Plasma”, “Quantifying sequencing 
error and effective sequencing depth of liquid biopsy NGS with UMI error 
correction”, and “Liquid biopsy in gastric cancer: analysis of somatic can-
cer tissue mutations in plasma cell-free DNA for predicting disease state and 
patient survival”).

Galiausiai surinkome ir apibendrinome dviejų pagrindinių tyrimo dalių 
duomenis. Išgyvenamumo ir ROC (angl. receiver operating characteristic 
curve) kreivės (T1-T2 vs. T3-T4 ir M0 vs. M1) analizei buvo naudojami 
pilnai charakterizuoti SV pacientų atvejai. Išgyvenamumo analizė atskleidė 
reikšmingus rezultatus stratifikuojant SV pacientų grupes pagal navikinės kil-
mės mutacijų aptiktų plazmoje kiekį. Be to, reikšmingas ryšys su blogesniu 
išgyvenimu buvo parodytas, kartu vertinant hsa-miR-129-1-3p raiškos lygį 
ir kiekybinę navikinės kilmės mutacijų plazmoje analizę. Iki šiol kitų tyrėjų 
nustatytas prastesnis bendras SV pacientų išgyvenamumas buvo stebimas pa-
didėjus bendram lcDNR kiekiui [110], esant žemam lcDNR metilinimo lygiui 
[111] ir kuomet nustatoma cnDNR [112]. Kalbant apie cirkuliuojančias miR-
NR, nors pakitęs kelių plazmos miRNR lygis (pvz., miR-21, miR-23b [113]) 
tyrimuose siejamas su SV prognoze, miRNR hsa-miR-129-1-3p ekspresija 
(atskirai arba kartu su kitomis analitėmis) mūsų tyrime su SV pacientų išgy-
venimu susieta pirmą kartą.

Be to, taikydami bioinformatinius modelius, įvertinome daugiasluoksnės 
molekulinės analizės svarbą pasitelkiant ROC kreives. Buvo parodyta, kad 
hsa-mir-129-1-3p raiškos lygis ir nustatytos somatinės plazmos lcDNR muta-
cijos gali būti naudojamos siekiant atskirti pacientus, turinčius ir neturinčius 
tolimų metastazių (plotas po ROC kreive (AUC) = 0,818). Bu ir bendraau-
torių [110] studija parodė, kad bendras plazmos lcDNR kiekis geru tikslumu 
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gali padėti nustatyti pacientus su tolimomis metastazėmis (AUC = 0,756), 
tuo tarpu mūsų analizė atskleidė, kad tai gali būti svarbus žymuo atskiriant 
T1-T2 ir T3-T4 stadijos pacientus. Pastarųjų metų tyrėjų pastangos gerinti 
SV pacientų medicininę priežiūrą įtraukia daugiasluoknę molekulinę analizę, 
bandant spręsti problemas, susijusias su atsako į neoadjuvantinę chemotera-
piją vertinimu [49] arba ankstyva diagnostika [50]. Tačiau, mūsų žiniomis, 
tai yra pirmasis tyrimas, kurio metu atlikta išsami daugiasluoksnė molekulinė 
(epigenetinė ir genetinė) analizė vertinant SV prognozę ir ligos būklę.

Nepaisant daug žadančių rezultatų, kurie buvo pateikti mūsų tyrime, yra 
keletas apribojimų, į kuriuos reikia atsižvelgti. Pirma, plazmos lcDNR analizė 
kontrolinių ir ikinavikinių stadijų mėginiuose padėtų įvertinti mūsų sudaryto 
genų rinkinio sekoskaitos jautrumą ir specifiškumą SV diagnostikai. Be to, 
tyrimo imties dydis yra mažas, o genetinių žymenų tyrimas nebuvo validuo-
tas skirtingu metodu (pvz., skaitmeninė lašelių PGR) arba nepriklausomoje 
mėginių grupėje. Nepaisant to, svarbu pažymėti, kad tyrimo populiacija buvo 
gerai kliniškai apibūdinta, atlikta daugiasluoksnė molekulinė kliniškai reikš-
mingų analičių analizė. Be to, šiuo metu mūsų grupė atlieka tyrimą, kuriame 
dalyvauja nepriklausoma tyrimo populiacija (SV pacientų plazmos mėginiai, 
paimti ligos eigoje). Nepaisant aukščiau paminėtų apribojimų, manome, kad 
šis tyrimas prideda labai svarbių naujų duomenų, skirtų kliniškai reikšmingų 
skystosios biopsijos įrankių kūrimui pacientams, sergantiems SV.

Apibendrinant galima pasakyti, kad cirkuliuojančios plazmos miRNR ir 
lcDNR išlieka vienos iš dažniausiai tiriamų molekulinių analičių. Mūsų re-
zultatai parodė, kad pritaikant jautrią naujos kartos sekoskaitos technologiją, 
tokius molekulinius įrankius kaip UMI žymėjimas bei daugiasluoksnius mo-
lekulinio modeliavimo metodus, SV pacientų plazmoje galima aptikti specifi-
nius epigenetinius ir genetinius pakitimus, kurie gali padėti įvertinti pacientų 
išgyvenamumą ir ligos stadiją. Plazmos mėginių ėmimas yra patogi ir gerai 
standartizuota procedūra, tinkama daugelio skirtingų vėžio tipų skystosios 
biopsijos aplikacijoms, ir nors plazmos lcNR analizės taikymas kaip rutininio 
tyrimo vis dar kelia nemažai iššūkių, daugiasluoksnė molekulinių analičių 
analizė rodo didelį potencialą kaip minimaliai invazinis naviko genomo ir 
(arba) epigenomo vertinimo, diagnozės ir prognozės nustatymo įrankis.
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Išvados
1. Palyginus skrandžio audinio mažų RNR sekoskaitos duomenis tarp 

skrandžio vėžio ir kontrolinių asmenų nustatytos 129 (82 padidėjusios 
ir 47 sumažėjusios ), tarp skrandžio vėžio ir atrofinio gastrito – 99 (67 pa-
didėjusios ir 32 sumažėjusios), tarp atrofinio gastrito ir kontrolinės gru-
pės – 20 (6 padidėjusios ir 14 sumažėjusios) pakitusios raiškos 
miRNR.

2.1. Skrandžio audinio mažųjų RNR sekoskaitos duomenys taip pat paro-
dė, kad hsa-miR-129-1-3p ir hsa-miR-196a-5p raiška buvo laipsniš-
kai pakitusi ir atitiko kontrolės, atrofinio gastrito ir skrandžio vėžio 
patologinę seką. Tik hsa-miR-129-1-3p raiška buvo reikšmingai su-
mažėjusi lyginant atrofinio gastrito ir skrandžio vėžio kraujo plazmos 
mėginius.

2.2. Hsa-miR-20b-5p ir hsa-miR-451a-5p raiška buvo statistiškai reikš-
mingai pakitusi skrandžio vėžio audinyje, palyginus su kontroliniu 
audiniu. In vitro tyrimuose eksperimentiškai padidinus hsa-miR-
20b-5p kiekį ir sumažinus hsa-miR-451a-5p kiekį nustatytas naviką 
slopinantis šių miRNR poveikis, galimai per genus, dalyvaujančius 
PI3K/AKT/mTOR signaliniame kelyje.

3. Audinio mėginių viso egzomo sekoskaitos ir kraujo plazmos mėginių 
labai gilios taikininės sekoskaitos duomenys, atskleidė 47,8 % muta-
cijų profilių persidengimą. Nors somatiniai laisvai cirkuliuojančios 
DNR sekos pakitimai (atitinkantys navikinio audinio mutacijas) daž-
niau nustatyti didesnius navikus (T3-T4) turinčių pacientų plazmos 
mėginiuose, somatinės plazmos DNR mutacijos buvo aptiktos ir pa-
cientams su T1-T2 stadijos navikais.

4. Didėjantis naviko kilmės mutacijų skaičius laisvai cirkuliuojančioje 
DNR ir žemas hsa-miR-129-1-3p raiškos lygis buvo susiję su prastes-
niu pacientų išgyvenamumu. Sumažėjusi hsa-mir-129-1-3p raiška ir 
somatinių mutacijų nustatymas kraujo plazmoje gali būti pritaikomas 
atskiriant pacientus, turinčius tolimųjų metastazių (AUC = 0,818).
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Abstract
BACKGROUND
Gastric cancer (GC) is one of the most frequently diagnosed tumor globally. In 
most cases, GC develops in a stepwise manner from chronic gastritis or atrophic 
gastritis (AG) to cancer. One of the major issues in clinical settings of GC is 
diagnosis at advanced disease stages resulting in poor prognosis. MicroRNAs 
(miRNAs) are small noncoding molecules that play an essential role in a variety of 
fundamental biological processes. However, clinical potential of miRNA profiling 
in the gastric cancerogenesis, especially in premalignant GC cases, remains 
unclear.

AIM
To evaluate the AG and GC tissue miRNomes and identify specific miRNAs’ 
potential for clinical applications (e.g., non-invasive diagnostics).



78

Varkalaite G et al. AG and GC tissue miRNomes

WJG https://www.wjgnet.com 654 February 14, 2022 Volume 28 Issue 6

Institutional review board 
statement: The study was 
approved by the Kaunas Regional 
Biomedical Research Ethics 
Committee.

Informed consent statement: All 
study participants provided 
informed consent prior to study 
enrollment.

Conflict-of-interest statement: The 
authors have declared no conflicts 
of interest.

Data sharing statement: Technical 
appendix, statistical code, and 
dataset available from the 
corresponding author at 
jurgita.skieceviciene@lsmuni.lt.

STROBE statement: The authors 
have read the STROBE Statement-
checklist of items, and the 
manuscript was prepared and 
revised according to the STROBE 
Statement-checklist of items.

Supported by the MULTIOMICS 
project that has received funding 
from European Social Fund (No. 
09.3.3-LMT-K-712-01-0130) under 
grant agreement with the Research 
Council of Lithuania (LMTLT).

Country/Territory of origin:
Lithuania

Specialty type: Gastroenterology 
and hepatology

Provenance and peer review:
Unsolicited article; Externally peer 
reviewed.

Peer-review model: Single blind

Peer-review report’s scientific 
quality classification
Grade A (Excellent): 0 
Grade B (Very good): B, B 
Grade C (Good): 0 
Grade D (Fair): D 
Grade E (Poor): 0

Open-Access: This article is an 
open-access article that was 
selected by an in-house editor and 
fully peer-reviewed by external 
reviewers. It is distributed in 
accordance with the Creative 
Commons Attribution 
NonCommercial (CC BY-NC 4.0) 

METHODS
Study included a total of 125 subjects: Controls (CON), AG, and GC patients. All 
study subjects were recruited at the Departments of Surgery or Gastroenterology, 
Hospital of Lithuanian University of Health Sciences and divided into the 
profiling (n = 60) and validation (n = 65) cohorts. Total RNA isolated from tissue 
samples was used for preparation of small RNA sequencing libraries and profiled 
using next-generation sequencing (NGS). Based on NGS data, deregulated 
miRNAs hsa-miR-129-1-3p and hsa-miR-196a-5p were analyzed in plasma 
samples of independent cohort consisting of CON, AG, and GC patients. 
Expression level of hsa-miR-129-1-3p and hsa-miR-196a-5p was determined using 
the quantitative real-time polymerase chain reaction and 2-ΔΔCt method.

RESULTS
Results of tissue analysis revealed 20 differentially expressed miRNAs in AG 
group compared to CON group, 129 deregulated miRNAs in GC compared to 
CON, and 99 altered miRNAs comparing GC and AG groups. Only 2 miRNAs 
(hsa-miR-129-1-3p and hsa-miR-196a-5p) were identified to be step-wise 
deregulated in healthy-premalignant-malignant sequence. Area under the curve 
(AUC)-receiver operating characteristic analysis revealed that expression level of 
hsa-miR-196a-5p is significant for discrimination of CON vs AG, CON vs GC and 
AG vs GC and resulted in AUCs: 88.0%, 93.1% and 66.3%, respectively. Compar-
ing results in tissue and plasma samples, hsa-miR-129-1-3p was significantly 
down-regulated in GC compared to AG (P = 0.0021 and P = 0.024, tissue and 
plasma, respectively). Moreover, analysis revealed that hsa-miR-215-3p/5p and 
hsa-miR-934 were significantly deregulated in GC based on Helicobacter pylori (H. 
pylori) infection status [log2 fold change (FC) = -4.52, P-adjusted = 0.02; log2FC = -
4.00, P-adjusted = 0.02; log2FC = 6.09, P-adjusted = 0.02, respectively].

CONCLUSION
Comprehensive miRNome study provides evidence for gradual deregulation of 
hsa-miR-196a-5p and hsa-miR-129-1-3p in gastric carcinogenesis and found hsa-
miR-215-3p/5p and hsa-miR-934 to be significantly deregulated in H. pylori
carrying GC patients.

Key Words: Gastric cancer; Atrophic gastritis; Tumorigenesis; Helicobacter pylori; 
MicroRNAs; Biomarkers

©The Author(s) 2022. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: In this research we aimed to evaluate microRNAs profiles of premalignant 
and malignant stages of gastric cancer (GC). To date this is the first study analyzing 
atrophic gastritis (AG) and GC tissue miRNomes in the subjects of European origin 
using next-generation sequencing approach. We showed that hsa-miR-196a-5p 
expression in tissue is significant for discrimination between controls and AG or GC, 
while hsa-miR-129-1-3p is potential candidate for non-invasive GC diagnostic. This 
study provides novel insights into complex GC pathogenesis cascade and might be 
highly significant for future studies of new AG or GC associated epigenetic markers or 
even diagnostic targets.
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INTRODUCTION
Gastric cancer (GC) is the one of the most common malignancy and the fourth leading
cause of cancer-related death worldwide[1]. Studies show, that in most cases GC
development is a stepwise process: Chronic gastric mucosa inflammation progresses to
atrophic gastritis (AG) or intestinal metaplasia (IM), which eventually may become
predisposition to GC. This complex cascade involves many factors: Helicobacter pylori
(H. pylori) infection, lifestyle, dietary habits, and genetic or epigenetic alterations,
including miRNA expression changes[2,3]. One of the major concerns in diagnostics of
GC is poor survival rate and prognosis, while this tumor is usually diagnosed at late
stages. Therefore, investigation of the molecular mechanisms that are critical in the
complex GC pathological cascade may help to identify novel therapeutic targets and
consequently improve the disease prognosis. MicroRNAs (miRNAs) are small (approx
22 nt) non-coding RNA molecules that regulate gene expression by binding to the
specific sites within 3’ untranslated regions of target mRNAs[4,5]. MiRNAs play very
important role in many physiological and pathological processes as well as tumori-
genesis and may function as either tumor-suppressors or as oncogenic miRNAs[6-8].
Studies have reported numerous differentially expressed miRNAs in malignant gastric
tissues including members of miR-20, miR-451, miR-148, miR-223 families[9-11].
Despite the previous efforts and conducted miRNA studies in GC, the miRNome
characterization of premalignant gastric condition - AG - remains largely unknown.

In this study, we aimed to investigate miRNome profile through GC tumorigenesis
cascade including precancerous lesions, such as AG. Also, expression of two miRNAs
(hsa-miR-129-1 and hsa-miR-196a) was analyzed in plasma samples of the
independent cohort of AG and GC patients. Tissue miRNome analysis results revealed
distinct miRNA profiles comparing controls (CON), AG, and GC groups. Also, our
study findings show that two miRNAs: Hsa-miR-129-1 and hsa-miR-196a may be a
relevant biomarker for GC diagnostics.

MATERIALS AND METHODS
Study population
The study included a total of 125 CON and patients diagnosed with AG and GC, who
were divided into the profiling cohort of 60 subjects and validation cohort of 65
subjects. Tissue samples of profiling cohort were collected during the years 2007-2015,
while plasma of participants in validation cohort was collected from years 2011-2019 at
the Departments of Surgery and Gastroenterology, Hospital of Lithuanian University
of Health Sciences (Kaunas, Lithuania). Clinical and phenotypic characteristics of
subjects investigated in profiling and validation cohorts are presented in Table 1. H.
pylori status was assessed using indirect ELISA to detect serum-specific IgG antigen
(Virion/Serion GmbH, Germany). Control group consisted of subjects, who had no
signs of atrophy or IM according to Operative Link on Gastritis Assessment (OLGA)
staging system (stage 0)[12]. AG group consisted of individuals that had stage I-IV
atrophy score in gastric mucosa by OLGA classification. Gastric adenocarcinoma in
GC patients was verified by histology and classified according to the American Joint
Committee on Cancer TNM Staging Classification and Lauren Classification[13,14].
Adjacent GC (GCaj) samples were biopsy samples obtained from endoscopically
healthy appearing gastric mucosa at least 2 cm away from the primary tumor.

The study was approved by the Kaunas Regional Biomedical Research Ethics
Committee (approval No BE-2-10 and BE-2-31) and performed in accordance with the
Declaration of Helsinki. All study participants provided written informed consent
before enrollment.

Total RNA extraction
Total RNA, including small RNA fraction, was isolated from CON, AG and GC tissues
using miRNeasy Mini Kit (Qiagen, Germany) according to the manufacturer’s
instructions. Quantification of RNA was performed using Nanodrop2000 spectropho-
tometer (Thermo Fisher Scientific, United States) and quality of RNA samples was
evaluated by Agilent 2100 Bioanalyzer (Agilent Technologies, United States).
Circulating nucleic acids, including circulating miRNA fraction, was isolated using
QIAamp Circulating Nucleic Acid Kit (Qiagen, Germany) according to manufacturer’s
instructions. All isolated samples were stored at -80 °C prior to further analysis.
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Table 1 Demographic characteristics of profiling and validation cohorts

Profiling cohort (n = 60) Validation cohort (n = 65)

CON (n = 21) AG (n = 19) GC (n = 20) CON (n = 11) AG (n = 30) GC (n = 24)
Age Mean ± SD 58.29 ± 15.52 69.21 ± 8.78 64.95 ± 10.89 42.27 ± 12.89 68.01 ± 11.81 68.33 ± 11.27

Male 5 3 15 5 9 18Gender (n)

Female 16 16 5 6 21 6

Negative 12 10 8 - 17 9

Positive 9 9 9 - 10 4

Helicobacter pylori infection (n)

Unknown - - 3 11 3 11

G1 - - 4 - - -

G2 - - 4 - - 12

Differentiation grade (n)

G3 - - 12 - - 12

Diffuse - - 10 - - 8

Intestinal - - 10 - - 13

Mixed - - - - - 2

Lauren classification (n)

Unknown - - - - - 1

T1 - - 6 - - 3

T2 - - 2 - - 5

T3 - - 8 - - 9

T4 - - 4 - - 6

T (n)

Unknown - - - - - 1

N0 - - 10 - - 6

N1 - - 2 - - 5

N2 - - 3 - - 4

N3 - - 5 - - 8

N (n)

Unknown - - - - - 1

M0 - - 7 - - 14

M1 - - 2 - - 9

M (n)

Unknown - - 11 - - 1

SD: Standard deviation; CON: Control; AG: Atrophic gastritis; GC: Gastric cancer.

Small RNA-seq library preparation and next-generation sequencing
Small RNA libraries were prepared using Illumina TruSeq Small RNA Sample
Preparation Kit (Illumina, United States) according to the manufacturer’s protocol
with 1 μg RNA input per sample followed by RNA 3’ adapter ligation, RNA 5’ adapter
ligation, cDNA synthesis, polymerase chain reaction (PCR) amplification using unique
barcode sequences for each sample and gel size-selection of small RNA library. The
yield and quality of sequencing libraries were assessed using the Agilent 2100
Bioanalyzer (Agilent Technologies, United States). The small RNA libraries were
randomized, pooled 24 samples per lane and sequenced using Illumina HiSeq 2500 (1
× 50 bp single-end reads).

Bioinformatics analysis of small RNA-seq data
Analysis of raw small RNA-seq data was performed by nf-core/smrnaseq pipeline
v.1.0.0 including Nextflow v.20.07.1[15], Java v.11.0.7, and Docker v.19.03.12. In brief,
all steps consisted of read quality control using FastQC v.0.11.9, removing 3’ adapter
sequences with TrimGalore! v.0.6.5, mapping to mature and hairpin miRNAs
(miRBase v.22.1[16]), and GRCh37 human reference genome with Bowtie v.1.3.0[17].
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After alignment and trimming sorted BAM files were used for further analysis with
edgeR v.3.32.1[18] and mirtop v.0.4.23. MiRNA quality was assessed and summarized
using MultiQC v.1.9[19]. Normalized counts were generated using isomiRs package
and differential expression analysis was carried out using the DESeq2 Bioconductor
package v.1.26.0[20]. The threshold for significant differential expression was
Bonferroni[21] adjusted P-value < 0.05 and absolute value of log2 fold change (FC)
|log2FC| > 1.

Validation of miRNA expression in plasma by reverse transcription quantitative real-
time PCR
To validate differentially expressed miRNAs in plasma samples, isolated plasma
circulating microRNA was reverse transcribed to cDNA using the TaqMan™
MicroRNA Reverse Transcription Kit (Thermo Fisher Scientific, United States). The
material was preamplified using the TaqMan PreAmp Master Mix (Applied
Biosystems, United States) according to the manufacturer’s protocol. Quantitative real-
time PCR (RT-PCR) was performed using the TaqMan MicroRNA Assays: Hsa-miR-
129 (Assay ID: 002298), hsa-miR-196a (Assay ID: 241070_mat) on 7500 Fast Real-Time
PCR System (Applied Biosystems, United States). All RT-qPCR reactions were run in
duplicate in a 20 μL reaction and the relative fold change in miRNA expression was
estimated using the 2-ΔΔCt method[22]. Ct values were normalized to the RNU6B (Assay
ID: 001093, Thermo Fisher Scientific, United States) endogenous control.

Statistical analysis
Statistical analysis was performed using RStudio software (R v.3.6.3). Shapiro-Wilk
normality test was used to test the normal distribution of data. For normally
distributed data, statistical significance was assessed by Student's t-test. If the data did
not pass normality tests was performed non-parametric Wilcoxon rank-sum test. A P <
0.05 was considered statistically significant. Area under the receiver operating charac-
teristic curve (AUC-ROC) analysis was performed using pROC R package.

RESULTS
Small RNA sequencing reveals distinct miRNomes of healthy, premalignant, and
malignant stages of GC
Small RNA sequencing of CON, AG, and paired GC (cancerous and adjacent) tissues
in total identified 1037 miRNAs annotated in the miRBase v22.1. Sequencing yielded
approx 250 M raw sequencing reads (from 359 K to 16 M reads per sample). After
quality control steps 396 low-abundant and non-variable miRNAs and 5 outlying
samples were removed resulting in 641 miRNAs and 75 samples which were used for
further analysis (Supplementary Figures 1 and 2). The number of deregulated miRNAs
corresponded to pathological cascade of GC development. The highest number of
deregulated miRNAs were determined when comparing GC and CON groups (129
differentially expressed miRNAs, 82 up-regulated and 47 down-regulated;
Supplementary Table 1). Next, 99 differentially expressed miRNAs were identified
analyzing GC compared to AG (67 up-regulated and 32 down-regulated;
Supplementary Table 2). The lowest number, 20 miRNAs, were found to be
deregulated comparing AG and CON (6 up-regulated and 14 down-regulated;
Supplementary Table 3). Differential expression results comparing GC vs GCaj, AG vs
GCaj, and CON vs GCaj are presented in Supplementary Tables 4, 5 and 6 respectively.

Differential expression results and top five deregulated miRNAs in each case are
represented in Figure 1A. Multidimensional scaling analysis of normalized expression
values, assessing the similarity structure of miRNomes (Spearman’s correlation
distance), revealed 4 clusters, corresponding to the CON, AG, GC cancerous and
adjacent tissues (Figure 1B). The AG cluster was intermediate between GC and CON,
whereas GCaj was overlapping with AG and CON groups.

Hsa-miR-129-1-3p and hsa-miR-196a-5p may be employed for discrimination of
healthy, premalignant, and malignant GC cases
To further study miRNome profiles, altered expression of miRNAs was analyzed in
three main comparison groups: AG vs CON, GC vs CON and AG vs GC according to
clinical significance. Analyzing uniquely deregulated miRNAs, 40 differentially
expressed miRNAs were found when compared GC to CON (25.8% of all deregulated
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Figure 1 Results of microRNA differential expression analysis. A: Differentially expressed gastric tissue microRNAs among different conditions. P-
adjusted < 0.05 and |log2 fold change| > 1; B: Multidimensional scaling plot based on normalized data showing a clustering corresponding to control, atrophic
gastritis, gastric cancerous and adjacent tissues. The density plots show distributions of the first and second dimensions. CON: Control; AG: Atrophic gastritis; GC:
Gastric cancerous; GCaj: Gastric adjacent tissue; MDS: Multidimensional scaling.

miRNAs), 18 (11.6%) - AG compared to GC, and 6 (3.9%) - AG compared to CON
(Figure 2). Most of the deregulated miRNAs (n = 79, 68.7%) were similar between GC
vs CON and GC vs AG comparison groups. 12 miRNAs (7.7%) were deregulated in
both AG and GC groups when compared to CON. Four miRNAs (2.6%) were similarly
deregulated between AG vs CON and AG vs GC groups. Finally, only 2 miRNAs (hsa-
miR-129-1-3p and hsa-miR-196a-5p) (1.29%) were identified as deregulated between
all comparison groups. AUC-ROC analysis revealed that expression level of hsa-miR-
129-1-3p in tissues resulted in AUCs: 68.1%; 86.3%, and 78.1%, CON vs AG, CON vs
GC, and AG vs GC, respectively (Figures 3A, 3B and 3C). In addition to this,
expression level of hsa-miR-196a-5p could be significant for discrimination of CON vs
AG, CON vs GC and AG vs GC and resulted in AUCs: 88.0%, 93.1% and 66.3%
(Figures 3D, 3E and 3F).

Hsa-miR-129-1-3p and hsa-miR-196a-5p expression in the plasma follows the
expression pattern of CON, AG, and GC tissues
Differential expression analysis of NGS data in tissue samples revealed that hsa-miR-
129-1-3p was significantly down-regulated and hsa-miR-196a-5p was up-regulated in
AG and GC tissues compared to CON (P = 0.002 and P = 0.00018; P = 1.2 × 10-5 and P =
3.1 × 10-5, respectively). Moreover, hsa-miR-129-1-3p was significantly down-regulated
in the case of AG compared to GC (P = 0.0021) and reflected a stepwise process of a



83

Varkalaite G et al. AG and GC tissue miRNomes

WJG https://www.wjgnet.com 659 February 14, 2022 Volume 28 Issue 6

Figure 2 Venn diagram representing the number of commonly and uniquely differentially expressed microRNAs in three different
comparison groups. P-adjusted < 0.05 and |log2 fold change| > 1. CON: Control; AG: Atrophic gastritis; GC: Gastric cancer.

Figure 3 Receiver operating characteristic curves showing prediction performances of expression levels. A-C: Hsa-miR-129-1-3p; D-F: Hsa-
miR-196a-5p in tissue samples between different comparison groups: Control vs atrophic gastritis; control vs gastric cancer; and atrophic gastritis vs gastric cancer.
AUC: Area under the curve; CON: Control; AG: Atrophic gastritis; GC: Gastric cancer.

pathology (Figure 4A). Therefore, to identify whether the expression changes of these
two miRNAs can be detected noninvasively in the body fluids of the patients, hsa-
miR-129-1-3p and hsa-miR-196a-5p were selected for RT-qPCR analysis in plasma
samples of independent cohort. The analysis showed similar expression patterns in the
case of hsa-miR-129-1-3p, which was significantly down-regulated when comparing
AG and GC groups (P = 0.024). There were no other significant findings between the
groups (Figure 4B).

Hsa-miR-215-3p/5p and hsa-miR-934 may be associated with H. pylori-induced GC
To investigate role of miRNAs in AG atrophy progression (OLGA classification) and
H. pylori-induced GC, differential miRNAs profile analysis in the subgroups of the
study was performed. The analysis revealed a minor clustering in AG tissues corres-
ponding to OLGA stages (Supplementary Figures 3A and 3H). H. pylori status in GC
tissues (Supplementary Figure 3B). However, no significantly deregulated miRNAs
were determined comparing I-II OLGA stages vs III-IV OLGA stages (AG tissue
samples). On the other hand, analyzing GC group based on H. pylori infection status
[H. pylori (neg.) vs H. pylori (pos.)], three miRNAs were shown to be significantly
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Figure 4 Hsa-miR-129-1-3p and hsa-miR-196a-5p expression levels in study comparison groups. A: Atrophic gastritis and gastric cancer tissue 
samples compared to controls; B: Atrophic gastritis and gastric cancer plasma samples compared to controls. Box plot graphs; boxes correspond to the median value 
and interquartile range. CON: Control; AG: Atrophic gastritis; GC: Gastric cancerous; GCaj: Gastric adjacent tissue.

deregulated: Hsa-miR-215-3p (log2FC = -4.52, P-adjusted = 0.02), hsa-miR-215-5p 
(log2FC = -4.00, P-adjusted = 0.02), and hsa-miR-934 (log2FC = 6.09, P-adjusted = 0.02).

DISCUSSION
This study represents comprehensive miRNome profiling of premalignant and 
malignant GC cases by implementing high throughput technologies such as NGS. 
Although there are several studies reporting profiles of GC tissue miRNAs[23,24], 
analysis of the association between miRNA expression and AG is very scarce reporting 
only individual miRNAs[25]. Moreover, based on small RNA-seq findings, two 
miRNAs were analyzed in subjects’ plasma samples to investigate potential non-
invasive markers. To our best knowledge this is the first study analyzing AG and GC 
tissue miRNomes in the subjects of European origin.

First, our study showed different profiles of deregulated miRNAs between tissue 
samples of studied groups. In total, 20 differentially expressed miRNAs were 
identified in AG and 129 - in GC comparing to CON; also 99 deregulated miRNAs - 
comparing GC and AG groups. MiRNAs such as hsa-miR-3131, hsa-miR-483, hsa-miR-
150, hsa-miR-200a-3p, hsa-miR-873-5p were previously reported by the GC profiling 
studies of Pereira et al[23] and Assumpção et al[24]. Yet, we were able to identify 
number of novel miRNAs (of which hsa-miR-548ba, hsa-miR-4521, hsa-miR-549a were 
the most deregulated). There are no data showing the role of these novel miRNAs in 
inflammatory or tumorous processes of gastric tissue. However, recent studies have 
shown that hsa-miR-548ba was associated with bladder cancer, hsa-miR-549a with the 
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metastasis of renal cancer, and hsa-miR-4521 with H. pylori infection in esophageal
epithelial cells[26-28]. Taking into consideration miRNome of AG, hsa-miR-3591-3p,
hsa-miR-122-3p and hsa-miR-122-5p, hsa-miR-451a miRNAs were already reported by
Liu et al[29], while the most deregulated miRNAs including hsa-miR-215, hsa-miR-
4497, and hsa-miR-1251 were reported for the first time in our study. Previous research
showed that hsa-miR-215-5p was deregulated in different lesions of the gastrointes-
tinal tract (Barrett’s esophagus, intraepithelial neoplastic lesions, ulcerative colitis)[30-
32]. However, hsa-miR-4497 and hsa-miR-452 were not previously associated with AG
but were reported to play an important role in GC development[33,34].

Next, we identified hsa-miR-215-3p and hsa-miR-215-5p to be down-regulated
while hsa-miR-934 - up-regulated in GC group comparing negative and positive H.
pylori infection status. Studies revealed the altered expression of various miRNAs in H.
pylori-induced GC tissue samples, including miR-934, miR-146a, miR-375, miR-204[35-
37]. Although, hsa-miR-215 deregulation was previously associated with GC[38-40],
there is no data showing its link with H. pylori infection.

In addition to this, we showed that two miRNAs (hsa-miR-129-1-3p and hsa-miR-
196a-5p) were gradually deregulated comparing all three study groups (CON, AG,
and GC) which also corresponds to pathological cascade of GC. In concordance to our
results, it has already been shown that hsa-miR-129-1-3p was down-regulated in GC
tissues, function as a tumor suppressor in GC and even corresponds to the same
expression pattern in gastric juice[41,42]. There is no data regarding the hsa-miR-196a
expression in AG tissue, however, investigators have revealed that hsa-miR-196a is
overexpressed in GC tissue, plasma, commercial cell lines and promotes cell prolif-
eration[43,44]. ROC-AUC analysis suggests great potential of hsa-miR-196a-5p
expression in tissue for discrimination of AG and GC in contrast to CON (AUC =
89.5% and AUC = 89.5%, respectively). Therefore, further studies are needed to
confirm this finding.

Finally, selected miRNAs were analyzed in independent cohort of CON, AG, and
GC plasma samples by using RT-qPCR. Results showed similar deregulation direction
in plasma samples as in the tissue samples. However, significant differences were only
determined comparing the expression of hsa-miR-129-1-3p between AG and GC
suggesting its potential role in non-invasive diagnostics of malignant cases. No
significant expression changes were observed between study groups and hsa-miR-
196a-5p. Other studies have shown controversial results: Tsai et al[45] reported that
miR-196a/b was up-regulated in both the plasma and tissue of metastatic GC patients,
while miRNome profiling study revealed that miR-196a-5p was found to be down-
regulated in plasma of patients with precursor lesions of GC compared to non-active
gastritis[46].

In our study, using NGS and RT-qPCR techniques we have shown the distinct
miRNome profiles of CON, AG, GC, GCaj tissues, and potential of specific miRNAs as
non-invasive biomarkers. In addition to this, novel miRNAs not previously reported
as AG or GC associated epigenetic markers were identified. We have shown that hsa-
miR-196a-5p expression in tissue could be significant for discrimination between CON
and AG or GC, confirmed hsa-miR-129-1-3p as non-invasive biomarker in disease
progression monitoring, and showed that miRNAs could be a great candidate for
future research of new diagnostic approaches.

CONCLUSION
In conclusion, we showed gradual deregulation of hsa-miR-196a-5p and hsa-miR-129-
1-3p in the gastric carcinogenesis pathway and confirmed hsa-miR-129-1-3p as a
possible non-invasive biomarker. We also found hsa-miR-215-3p/5p and hsa-miR-934
to be significantly deregulated in GC based on H. pylori infection status. These data
provide novel insights into complex GC pathogenesis cascade which could be highly
significant for future studies of new diagnostic GC targets.

ARTICLE HIGHLIGHTS
Research background
Gastric cancer (GC) is a complex disease arising from the interaction of environmental
(e.g., diet, smoking, etc.) and host-associated factors [e.g., Helicobacter pylori (H. pylori)
infection, genetics, etc.]. Due to its silent course, it is also one of the most lethal cancers
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worldwide as it is usually diagnosed at the advanced stages.

Research motivation
Novel biomarkers that would help to improve GC patients’ diagnosis and prognosis
are highly needed. Studies show that microRNAs (miRNAs) play an important role in
many cancers and could be a promising biomarker or even therapeutic target.

Research objectives
The objectives of the study were to analyze whole miRNome profiles of control,
premalignant and malignant gastric tissues, and select the potential miRNA markers
that could have a potential for minimally invasive GC diagnostics.

Research methods
Total RNA from gastric tissue samples was subjected for small RNA sequencing
(smRNA-seq). Plasma total circulating nucleic acids were used for the expression
analysis of the most tissue deregulated miRNAs by real-time quantitative polymerase
chain reaction. Statistical analysis involved the differential expression and discrim-
ination analyses.

Research results
The abundance of altered expression miRNAs corresponded to a pathological cascade
of GC development. Hsa-miR-129-1-3p and has-miR-196a-5p were shown to be
deregulated in healthy-premalignant-malignant sequence. In addition to this, we
showed that down-regulation of hsa-miR-129-1-3p could also be detected non-
invasively in GC patients’ plasma samples. Finally, results indicated that hsa-miR-215-
3p/5p and hsa-miR-934 were significantly deregulated based on H. pylori infection
status for GC patients.

Research conclusions
Gastric tissue miRNome study provides extensive profiling of control, premalignant
and malignant cases. Based on smRNA-seq results several miRNAs were shown as
potential gastric carcinogenesis (hsa-miR-196a-5p and hsa-miR-129-1-3p); and H. Pylori
-related (hsa-miR-215-3p/5p and hsa-miR-934) biomarkers.

Research perspectives
This study provides novel insights into complex GC pathogenesis cascade and could
serve as a reference for future research to support our findings.
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Abstract: Gastric cancer (GC) is one of the most common and lethal gastrointestinal malignancies
worldwide. Many studies have shown that development of GC and other malignancies is mainly
driven by alterations of cellular signaling pathways. MicroRNAs (miRNAs) are small noncoding
molecules that function as tumor-suppressors or oncogenes, playing an essential role in a variety
of fundamental biological processes. In order to understand the functional relevance of miRNA
dysregulation, studies analyzing their target genes are of major importance. Here, we chose
to analyze two miRNAs, miR-20b and miR-451a, shown to be deregulated in many different
malignancies, including GC. Deregulated expression of miR-20b and miR-451a was determined in
GC cell lines and the INS-GAS mouse model. Using Western Blot and luciferase reporter assay we
determined that miR-20b directly regulates expression of PTEN and TXNIP, and miR-451a: CAV1 and
TSC1. Loss-of-function experiments revealed that down-regulation of miR-20b and up-regulation
of miR-451a expression exhibits an anti-tumor effect in vitro (miR-20b: reduced viability, colony
formation, increased apoptosis rate, and miR-451a: reduced colony forming ability). To summarize,
the present study identified that expression of miR-20b and miR-451a are deregulated in vitro
and in vivo and have a tumor suppressive role in GC through regulation of the PI3K/AKT/mTOR
signaling pathway.

Int. J. Mol. Sci. 2020, 21, 877; doi:10.3390/ijms21030877 www.mdpi.com/journal/ijms
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1. Introduction

Gastric cancer (GC) is one of the most prevalent malignancies and a leading cause of cancer-related
mortality worldwide [1]. The development and progression of GC is a multistep process involving
accumulation of genetic mutations and alterations in proto-oncogenes or tumor-suppressor genes [2].
One of the major issues in clinical settings of GC is a poor survival rate and prognosis of patients,
as the tumor is diagnosed at late stages of the disease. Therefore, further insight into the molecular
mechanisms underlying GC progression may help to identify novel therapeutic targets and improve
the prognosis of GC.

MicroRNAs (miRNAs) are small noncoding molecules that, being part of a so-called RNA-induced
silencing complex (RISC), post-transcriptionally regulate gene expression [3]. Dependent on the
target gene and background conditions, miRNAs may function as either tumor-suppressors which
suppress protein-coding oncogenes, or as oncogenic miRNAs which negatively regulate known
tumor-suppressor genes [4]. In this way they play an essential role in a variety of fundamental
biological and pathological processes [3]. Moreover, miRNA-based therapy is being tested as a
potential strategy in cancer treatment [5–8]. A number of GC studies have reported specific signatures
of deregulated miRNAs belonging to miR-17, miR-19, miR-21, miR-223, miR-135, and other families,
and their diagnostic and prognostic potential [9–12]. However, in order to understand functional
relevance of miRNA dysregulation, studies analyzing their target genes are of major importance.

Here, we chose to analyze two miRNAs, miR-20b and miR-451a, shown to be deregulated in
many different malignancies, including GC [13–17]. Previous functional studies have revealed that
these miRNAs may exert their biological role through mediating tumor formation, maintenance, and
metastasis [18–21]. However, the role of these miRNAs and possible target genes in GC remain poorly
investigated. In this study, we found that inhibition of miR-20b and overexpression of miR-451a had
a tumor-suppressive role in GC through the regulation of genes involved in the PI3K/AKT/mTOR
signaling pathway. Inhibition of miR-20b reduced GC cell viability, proliferation and promoted early
cell apoptosis; whereas overexpression of miR-451a reduced GC cell growth. These findings reveal
the important roles of miR-20b and miR-451a in GC progression, which may be used to develop a
beneficial strategy for future cancer therapy.

2. Results

2.1. Aberrant Expression of miR-20b and miR-451a In Vivo

First, the expression level of miR-20b and miR-451a was determined in vivo. For this purpose,
biopsy samples of GC patients, healthy controls, and INS-GAS mice samples were analyzed.

MiRNA expression analysis in GC samples showed a significant increase of miR-20b (p = 0.026)
and decrease of miR-451a (p = 0.039) expression compared to controls (Figure 1).

Moreover, GC analysis of INS-GAS mice showed a gender specific miR-20b expression pattern
following H. pylori infection. Only male mice showed significantly higher miR-20b expression for all
time points (p = 0.029). There was a stepwise increase in miR-20b expression during the different
time points from 12 to 50 weeks with the highest difference at 50 weeks (p = 0.003) (Figure 2B). No
significant changes in miR-451a expression were observed.
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Figure 1. miR-20b and miR-451 expression analysis in GC and control tissues (normalized delta Ct (dCt)
values are presented in logarithmic scale). miR-20b expression was significantly increased and miR-451a
gene expression was significantly decreased in GC tissue compared to control tissue (* p < 0.05).

Figure 2. miR-20b expression analysis in vivo using INS-GAS mouse model. (A) MiR-20b expression
level in male and female mice comparing INS-GAS and H. pylori infected INS-GAS mice at 50 weeks.
Analysis showed significant increase in miR-20b expression (p = 0.0375). (B) MiR-20b expression level
in male mice comparing INS-GAS and H. pylori infected INS-GAS mice at 50 weeks. Results revealed
significant increase in miR-20b expression and gender specific expression pattern (p = 0.033). (C and
D) MiR-20b expression at 12, 24, 36 and 50 weeks. A stepwise increase in miR-20b expression was
determine during the different time points with highest difference at 50 weeks (p = 0.003).
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2.2. Aberrant Expression of miR-20b and miR-451a in Vitro

The expression level of miR-20b and miR-451a was also determined in vitro in AGS and MKN28
cell lines compared to normal gastric tissue. Expression level of miR-20b was significantly up-regulated
(p = 6.35 × 10−5 and p = 1.03 × 10−4, AGS and MKN28, respectively) and miR-451a was down-regulated
(p = 2.58 × 10−5 and p = 2.58 × 10−5, AGS and MKN28, respectively) in both GC cell lines compared
with control gastric tissue (Figure 3). There was no difference on microRNA expression patterns
between the two cell lines.

Figure 3. miR-20b and miR-451 expression analysis in AGS and MKN28 cell lines (normalized delta Ct
(dCt) values are presented in logarithmic scale). miR-20b expression was significantly increased in
both gastric cancer cell cultures compared to control tissue group and miR-451a gene expression was
significantly decreased in both gastric cancer cell cultures AGS and MKN28 compared to control tissue
group (* p < 0.05).

These data suggest that miR-20b may potentially act as onco-miRNA and target tumour-suppressor
genes while miR-451a acts as tumour-suppressor miRNA and target proto-oncogenes. Based on
the observed expression patterns, mimic of miR-451a and inhibitor of miR-20b were chosen for
loss-of-function study for both cell cultures.

2.3. Inhibition of miR-20b Reduced Cell Viability and Proliferation

To characterize functional importance of tested miRNAs viability and proliferation of AGS and
MKN28 cell lines were tested using MTT assay, 48 h and 72 h after transfection. Reduced cell viability
(by 22.1%) was observed in the AGS cell line 72 h after transfection with anti-miR-20b (p = 0.029)
(Figure 4), whereas no significant changes were observed in MKN28 cell line. Overexpression of
miR-451a had no significant effect on viability and proliferation in AGS or MKN28 cells.

2.4. Inhibition of miR-20b and Overexpression of miR-451a Dramatically Reduced Colony Formation Rate

To examine the role of miR-20b and miR-451a in GC cell growth, colony formation assay was
conducted. The number of colonies reduced dramatically (AGS by 73.8%; p = 2 × 10−4 and MKN28
by 60.1%; p = 0.021) after inhibition of miR-20b compared to cells transfected with miRNA control
(Figure 4). Transfection of GC cells with miR-451a mimic significantly reduced the number of colonies
by 50.6% in MKN28 cell culture (p = 0.043) (Figure 5).
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Figure 4. Exogenously altered expression of miR-20b effected cell viability. (A) Relative viability
changes of AGS and MKN28 cells after inhibition of miR-20b 48 h and 72 h after transfection. Significant
results evaluated in AGS cell lines 72h after transfection (* p < 0.05); (B) Relative viability changes of
AGS and MKN28 cells after increased expression of miR-451a 48 h and 72 h after transfection. Data
from four independent experiments.

Figure 5. Exogenously altered expression of miR-20b and miR-451a affected colony formation.
(A) Relative colony formation (of control cells) in AGS and MKN28 cells after inhibition of miR-20b.
Formation of colonies reduced significantly in both AGS and MKN28 cell cultures compared to
miR-control (* p < 0.05); (B) Relative colony formation (of control cells) in AGS and MKN28 cells
after increased expression of miR-451a. Formation of colonies reduced significantly in both AGS and
MKN28 cell cultures compared to miR-control (* p < 0.05). Representative pictures of fixed colonies are
presented at the bottom of a figure. Data from five independent experiments.

2.5. Inhibition of miR-20b Increased Cell Apoptosis Rate

In order to investigate changes in early apoptosis and cell death rates flow cytometry-based
apoptosis assay was employed, where annexin V-FITC positive cells were considered early apoptotic
and annexin V-FITC/ PI positive as necrotic cells. A slightly increased rate of apoptotic cells (by 12.5%)
was detected in AGS cell culture (p = 0.040) after inhibition of miR-20b (Figure 6). However, a decrease
in live cells did not reach statistical significance. No effect on live, apoptotic, or necrotic populations
was observed in MKN28 cell line after transfection with anti-miR-20b and in both cell cultures after
transfection with miR-451a mimic.
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Figure 6. Exogenously altered expression of miR-20b effected proportion of cells undergoing process
of early apoptosis. (A) Changes of apoptosis rates in AGS and MKN28 cell cultures after inhibition
of miR-20b. Proportion of early apoptotic cells increased statistically significantly in AGS cells line
(* p < 0.05); (B) Changes of apoptosis rates in AGS and MKN28 cell cultures after increased expression
of miR-451a. Data from three independent experiments.

2.6. miR-20b and miR-451a Have No Effect In Vitro On Cell Migration Processes

The effect of miR-20b and miR-451a on the migration of GC cells was analyzed using wound
healing assay. However, no significant changes in migration were determined in both GC cell lines
after transfection with anti-miR-20b and miR-451a.

2.7. PTEN and TXNIP Are Direct Targets of miR-20b

IRF1, PTEN, and TXNIP were selected in silico as potential target genes of miR-20b. Protein
expression analysis revealed that inhibition of miR-20b resulted in a significant increase of PTEN
expression 72 h after transfection (p = 0.011) in AGS cell line and increase of TXNIP protein expression
72 h after transfection (p = 0.025) in MKN28 cells (Figure 7); whereas, no effect on IRF1 protein level
was observed in both cell lines.

Figure 7. PTEN and TXNIP proteins level changes after exogenous miR-20b expression inhibition.
PTEN (A) and TXNIP (B) protein expression comparison 48 h and 72 h after transfection in AGS and
MKN28 cell cultures transfected with anti-miR-20b and miR-control. Significant PTEN protein level
increase was determined 72 h after transfection in AGS cell culture and TXNIP- 72 h after transfection in
MKN28 cell culture. Representative pictures of PTEN and TXNIP proteins signals detected by Western
Blot presented at the bottom of a figure (* p < 0.05). Data from four independent experiments.
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To validate the binding specificity of miR-20b to PTEN and TXNIP, a luciferase reporter system
containing 3′ UTR-wt and 3′ UTR-mut regions of the genes was used. AGS cells were co-transfected
with reporter vector and miR-20b mimic or negative mimic control. As a result, miR-20b clearly
suppressed luciferase activity both in PTEN-3′ UTR-wt and TXNIP-3′UTR-wt compared to the control
(p = 0.006 and p = 4 × 10−4, respectively), whereas firefly luciferase activity did not change for both
mut-type vectors (Figure 8).

Figure 8. Estimation of direct interaction of investigated miRNAs and predicted target genes 3′ UTR
by luciferase reporter assay. (A) AGS cell line was cotransfected with miR-20b (or miR-control) and
pmiR-PTEN-wt/mut or pmiR-TXNIP-wt/mut vectors. Significant signal decrease was determined in
cells transfected with either PTEN or TXNIP wt vectors (* p < 0.05); (B) AGS cell line was cotransfected
with miR-451a (or miR-control) and pmiR-CAV1-wt/mut or pmiR-TSC1-wt/mut vectors. Significant
signal decrease was determined in cells transfected with either CAV1 or TSC1 wt vectors (* p < 0.05).
Luciferase activity was normalized by the beta-galactosidase signals. Results are shown as fold change
relative to the negative control. Data from three independent experiments.

2.8. miR-451a Directly Regulate the Expression of CAV1 and TSC1

Using in silico prediction tools as downstream targets of miR-451a, CAV1 and TSC1 were selected.
Upregulation of miR-451a reduced CAV1 and TSC1 proteins expression in AGS cell culture 72 h after
transfection (p = 0.011 and p = 0.024, respectively) (Figure 9). No significant changes in protein level of
target genes was observed in MKN28 cell line.

Direct binding specificity of miR-451a to CAV1 and TSC1 was evaluated using luciferase reporter
system containing 3′ UTR-wt and 3′ UTR-mut regions. AGS cells were co-transfected with miR-451a
mimic or negative mimic control and reporter vector. The results indicated that miR-451a significantly
reduced firefly luciferase activity both in CAV1-3′ UTR-wt and TSC1-3′UTR-wt (p = 0.007 and p = 0.009,
respectively) compared to the control. Firefly luciferase activity did not change in cells transfected
with the mut-type vectors (Figure 8).
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Figure 9. CAV1 and TSC1 proteins level changes after exogenous up-regulation of miR-451a expression.
CAV1 (A) and TSC1 (B) protein expression comparison 48 h and 72 h after transfection in AGS and
MKN28 cell cultures transfected with miR-451a and miR-control. Significant CAV1 and TSC1 proteins’
level decrease was determined 72 h after transfection in AGS cell culture. Representative pictures of
CAV1 and TSC1 proteins signals detected by Western Blot presented at the bottom of a figure (* p < 0.05).
Data from three independent experiments.

3. Discussion

Although a number of studies have elucidated miRNA profiles of GC, the role of these miRNAs,
their possible target genes and functions remain under investigation. In the present study, we analyzed
two miRNAs—miR-20b and miR-451a—shown to be deregulated in many different malignancies,
including GC [13–16]. We determined that miR-20b and miR-451a directly regulate genes involved in
the PI3K/AKT/mTOR signaling pathway, and modification of their expression had a tumor-suppressive
role in GC.

MiR-20b belongs to a cluster of highly similar miRNAs called the miR-17 family [22]. Deregulation
of miR-20b has been determined in many different cancers [13–15,23–26]. Our results demonstrated
that miR-20b is overexpressed in both AGS and MKN28 GC cell lines compared to healthy gastric
tissue, which is consistent with previous studies [13,14,27,28]. Moreover, our in vitro results were
confirmed in vivo in GC samples and INS-GAS mice, showing increased expression of miR-20b in male
mice. The INS-GAS mouse model is gender specific and male gastric tissue responds more rapidly and
aggressively to H. pylori infection due to differences in hormone secretion. Estrogen may protect female
mice from intestinal-type tumors. On the other hand, androgens may promote the development of
gastric cancer in male mice [29]. Similar pathogenesis patterns have also been observed in humans [30].

Using loss-of-function experiments we revealed that miR-20b inhibits proliferation and colony
formation abilities, reduces viability, and increases ratio of early apoptotic cells in GC cell lines. These
results confirm that miR-20b is highly pronounced as oncogenic, driving cellular processes such as
cancer cells proliferation [20] and colony formation [31], invasiveness and tumor growth [19]. Our
study is the first which investigates the functional importance of miR-20b in gastric carcinogenesis, GC
cell lines, and the GC mouse model INS-GAS.

MiR-451a is located in the 17q11.2, region reported to be amplified in GC and other types
of cancers [18]. miR-451a is usually down-regulated and acts as a tumor suppressor in a series
of cancers [32–34], including GC [16,35]. Our study results have also shown that miR-451a was
down-regulated in the investigated GC cell lines. Functional analysis of miR-451a revealed that
increased level of this miRNA impaired only colony formation of GC cell lines. A study by Riquelme et
al. showed that miR-451a up-regulation in GC could not only affect colony formation but also reduce
cell viability [16]. Taking into account other cancer types, increased level of miR-451a has been shown
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to impair cell growth, moderately reduce migration ability in thyroid carcinoma cells [32], and inhibit
migratory and invasive abilities in renal cell carcinoma [34]. MiR-451a may exert its biological role
through mediating tumor formation, maintenance, and metastasis.

We have shown that the inhibition of miR-20b reduced viability, colony formation, and increased
ratio of apoptotic cells while increased expression of miR-451a only affected colony formation and was
inconsistent with other in vitro assays (MTT and Annexin V/Dead Cell Apoptosis). MTT assay reflects
that metabolic activity as well as the colony forming assay is considered to show the ability of cells to
proliferate, however both of the assays could also be affected by the broader range of the processes
in the cells. Annexin V/Dead Cell Apoptosis assay is specifically based on the Annexin V ability to
conjugate with phosphatidylserine, which is usually expressed on the cell surface during apoptosis;
however, cells could undergo different molecular changes or different types of cell deaths and result in
inconsistency between different in vitro assays.

Also, some results of the loss-of-function assays were not consistent between two commercial
gastric cancer cell cultures. This may be caused due to a different origin of cell lines: AGS—primary
gastric cancer lesion and MKN28—metastatic site in the liver. This could potentially lead to
different characteristics of cells in terms of aggressiveness, invasiveness, proliferative potential,
or molecular signatures.

Using in silico analysis, we selected potential target genes of miR-20b: IRF, PTEN, and
TXNIP and miR-451a: CAV1 and TSC1. These genes are involved in phosphatidylinositol-3-kinase
(PI3K)/AKT/mTOR signaling pathway which has potential prognostic and predictive significance
in GC [36,37]. Using Western Blot analysis and luciferase reporter assay we were able to confirm
direct PTEN and TXNIP 3′ UTR interaction with miR-20b and CAV1 and TSC1 3′ UTR interaction
with miR-451a.

PTEN is a classical tumor suppressor gene in various human cancers. PTEN functions as a
negative regulator of the PI3K/AKT pathway through dephosphorylation of phosphatidylinositol 3,4,5
trisphosphate (PIP3), and is involved in regulation of cellular proliferation, metastasis and apoptosis
during progression of cancers [38]. PTEN has been reported to be regulated by numerous miRNAs
in multiple cancers, including colorectal carcinoma, glioma, ovarian and breast cancer [31,39–41].
Previously studies investigated PTEN as miR-20b target gene in colorectal and breast cancer [26,31],
whereas our study is the first to show PTEN as an miR-20b target in GC cells.

TXNIP has been identified as potential tumor suppressor gene in various solid tumors and
hematological malignancies [42–44]. This gene is involved in PI3K/AKT/mTOR pathway by mediation
of glucose intake in cancer cells. The changes in glucose metabolism is associated with a great
increase of cell bioenergetic and biosynthetic abilities, which are important to maintain rapid cell
proliferation, tumor progression, and resistance to chemotherapy and radiation. Oncogenic activation
of PI3K/AKT signaling at least partially promotes cellular glucose uptake through the regulation of
TXNIP expression [45]. Previous cancer studies have reported that TXNIP is regulated by miR-373 [46],
miR-411 [47], and miR-224 [48,49]. Our study is the first to show TXNIP as an miR-20b target in GC.

CAV1 (caveolin-1) is a structural component of caveolar membrane domains causing the
propagation of downstream signals. Stimulation of CAV1-positive cells results in activation of
the PI3K/AKT pathway and leads to cell cycle progression through G1 and entry into the S phase [50].
CAV1 is also involved in regulation of PTEN [51]. Previous studies have revealed several miRNAs
involved in direct regulation of CAV1 [52–54]. However, our study is the first to indicate miR-451a as a
direct regulator of CAV1.

TSC1 acts through regulation of the mTOR pathway. Activation of upstream signals results in
inhibition of TSC1/TSC2 by AKT, allowing mTOR activation. These changes also result in uncontrolled
and increased bioenergetic and biosynthetic processes, cell growth, and proliferation [36]. TSC1 gene
as potential target of miR-451a has already been investigated in GC in a study conducted by Riquelme
et al. [16]. However, investigators have not confirmed the direct interaction between miR-451a and
TSC1. Therefore, our study is the first that has confirmed TSC1 as target gene of miR-451a.
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This study has some potential limitations: although commercial cell lines are derived from human
primary or metastatic gastric tumor lesion more appropriate control for analyzing miRNA expression
patterns would be culture of normal epithelial cells. However, commercial cell cultures showed similar
miR-20b and miR-451a expression pattern compared to patients’ gastric tumor tissue samples. Further
studies analyzing the direct impact of miRNA in vivo using xenographic mouse models would be of
interest. Moreover, due to the small sample size we were not able to perform association analysis of
miR-20b and miR-451a expression and subphenotypes of GC patients (including H. pylori infection).

In conclusion, the present study identified that expressions of miR-20b and miR-451a are
significantly deregulated in gastric cancer tissue, commercial cell cultures, and INS-GAS mice.
Notably, down-regulation of miR-20b and up-regulation of miR-451a expression exhibits an anti-tumor
effect in vitro (reduced viability, colony formation, increased apoptosis rate and reduced colony
forming ability, miR-20b, and miR-451a respectively) by targeting genes involved in PI3K/AKT/mTOR
tumorigenesis signaling pathway. These findings are important for miRNA functional studies in GC
and may also help to improve development of new treatment strategies.

4. Materials and Methods

4.1. Human Tissue Samples and Cell Lines

Study subject recruitment was conducted at the Department of Gastroenterology, Lithuanian
University of Health Sciences (Kaunas, Lithuania) where tumor tissue samples (n = 13) were obtained
from the primary lesion biopsy. The characteristics of patients are listed in Supplementary Table S1.
Gastric tissue samples of a control group (n = 13) were collected from healthy subjects without atrophy
or intestinal metaplasia based on the Sydney classification. All patients in the control group underwent
upper endoscopy with biopsies due to dyspeptic symptoms but had no history of malignancy. The
samples were stored at −80 ◦C as a fresh-frozen sample. The use of biological material in present study
was approved by Kaunas Regional Biomedical Research Ethics Committee (protocol no. BE-2-10, 27th
May 2011). Each subject has signed written informed consent and all procedures were carried out in
accordance with the guidelines of Declaration of Helsinki.

The human gastric adenocarcinoma cell line AGS was obtained from the American Type Culture
Collection (ATCC) and MKN28 cell line was kindly provided by Dr. Alexander Link (Department
of Gastroenterology, Hepatology and Infectious Diseases, Otto von Guericke University, Germany).
Cell cultures were cultivated according to ATCC recommendations. AGS and MKN28 cell lines were
cultivated in Ham’s F-12K (Kaighn’s) Medium (GIBCO Invitrogen Life Technologies, Grand Island,
NY, USA) and RPMI 1640 medium (GIBCO Invitrogen Life Technologies, Grand Island, NY, USA),
respectively. The culture media was supplemented with 10% Fetal Bovine Serum (FBS) (GIBCO
Invitrogen Life Technologies, Grand Island, NY, USA) and 1% penicillin-streptomycin solution (5000
U/mL) (GIBCO Invitrogen Life Technologies, Grand Island, NY, USA). Cells were cultured in humidified
incubator containing 5% of CO2 at 37 ◦C. Cell lines were tested for mycoplasma contamination using
specific primers [55].

4.2. Cell Transfection

MiRNA mimics of miR-451a and miR-20b, miRNA inhibitor of miR-20b (anti-miR-20b), and
non-specific miRNA mimic or inhibitor negative control (miRVanaTM, Ambion by Thermo Fisher
Scientific, Grand Island, NY, USA) were used for the transfection of AGS and MKN28 cell lines.
Transfection was performed using Lipofectamine 3000 transfection reagent (Thermo Fisher Scientific,
Waltham, MA, USA) in accordance with the manufacturer’s recommendations. A final concentration
of 90 nM of anti-miR-20b for AGS cell line, 120 nM of anti-miR-20b for MKN28 cell line and a final
concentration of 50 nM of miR-451a mimic for both cell lines was used. Efficiency of transfection was
tested and monitored by using positive transfection controls let-7c and miR-1 (miRVanaTM, Ambion by
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Thermo Fisher Scientific, Grand Island, NY, USA), and fluorescent siRNA (BLOCK-iTTM Alexa Flour
Red Fluorescent, Thermo Fisher Scientific, Waltham, MA, USA).

4.3. Target Prediction

GC-associated putative target-genes of selected miRNAs were retrieved from databases (DIANA
Lab Tools TarBase, miRanda, TargetScan) according to their function in carcinogenesis (oncogenes or
tumour-suppressor genes). Three potential target genes (IRF1, TXNIP, PTEN) with a proto-oncogenic
function were selected for miR-20b and two (CAV1, TSC1) with an onco-suppressor function
for miR-451a.

4.4. qRT-PCR for miR-20b and miR-451a Expression Level

To estimate miRNA expression level total RNA from GC (n = 13), normal gastric tissue (n = 13),
and GC-derived cell lines (n = 7) was isolated using miRNeasy Micro Kit (Qiagen, Hilden, Germany)
according to manufacturer’s protocol. Expression level of miR-20b and miR-451a was determined
using TaqMan miRNA assays (Ambion by Thermo Fisher Scientific, Grand Island, NY, USA) using
miRNA-specific primers on 7500TM Fast real-time PCR system (Life Technologies, Carlsbad, CA,
USA). Levels of miRNA were normalized to miR-16 and changes in expression were calculated using
2−ΔCt method.

4.5. Western Blot

AGS and MKN28 cells (250,000 and 200,000 cells/well, respectively) were transfected with mimic
of miR-451a, inhibitor of miR-20b and respective miRNA controls for 48 h and 72 h. Total protein
from cells was lysed in 1× radioimmunoprecipitation assay (RIPA) buffer (Abcam, Cambridge, UK)
containing protease and phosphatase inhibitor cocktail (Sigma Aldrich, St. Louis, MO, USA). Protein
concentration was estimated using Pierce BCA Protein Assay Kit (Thermo Scientific, USA). Total
protein was separated by SDS-PAGE using 4–12% Bis-Tris Plus Mini Gels and blotted to 0.45 μm PVDF
membrane. Membranes were blocked in WesternBreeze Blocker/Diluent (Part A and B) (Thermo Fisher
Scientific, Waltham, MA, USA) at room temperature for 1 h. Antibodies directed against IRF1 (1:1000
dilution; Cat. No. ab186384; Abcam, Cambridge, UK), PTEN (1:2500 dilution; Cat. No. ab32199,
Abcam, Cambridge, UK), TXNIP (8 μg/mL concentration; Cat. No. 40-3700; Thermo Fisher Scientific,
Waltham, MA, USA), CAV1 (1:500 dilution, Cat. No. ab192869, Abcam, Cambridge, UK), TSC1 (1:2000
dilution, Cat. No. 37-0400, Thermo Fisher Scientific, Waltham, MA, USA), and GAPDH (0.4 μg/mL
concentration; Cat. No. AM4300; Ambion by Thermo Fisher Scientific, Grand Island, NY, USA) were
used. The signals were visualized with ChemiDoc XRS+ System (Bio-Rad, Hercules, CA, USA) and
ImageLab Software (version 5.2.1, (Bio-Rad, Hercules, CA, USA). Protein levels were normalized to
endogenous control of GAPDH protein.

4.6. Luciferase Reporter Assay

Wild-type (wt) and mutant (mut) seed regions of the target genes (PTEN, TXNIP, TSC1
and CAV1) were constructed and cloned into Luc 3′UTR between the HindIII and BcuI sites of
pMIR-REPORT-Luciferase vector (Ambion by Thermo Fisher Scientific, Grand Island, NY, USA). The
oligonucleotide sequences are listed in Supplementary Table S2. Constructed vectors were verified
by Sanger sequencing using Applied Biosystems® 3500 analyzer (Applied Biosystems, Foster City,
CA, USA). AGS cells (100,000 cells/well) were co-transfected with 146 ng of constructs (wt or mut
vector) and with 50 nM of either miRNA mimic or negative mimic control using Lipofectamine 3000
(Thermo Fisher Scientific, Waltham, MA, USA). After 48 h incubation luciferase activity was detected
by Dual-Light™ Luciferase & β-Galactosidase Reporter Gene Assay System (Applied Biosystems,
Foster City, CA, USA) following manufacturer’s protocol. Luminescent signal was quantified by
GENios Pro microplate reader (Tecan Trading AG, Mannedorf, Switzerland). Reporter activity was
normalized to β-Galactosidase activity.
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4.7. MTT Assay

Viability and proliferation of AGS and MKN28 cells (4000 and 3500 cells/well, respectively) was
measured with 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay 48 h and
72 h after transfection. MTT reagent (final concentration 5 mg/mL) (Sigma Aldrich, St. Louis, MO,
USA) was added to cells and incubated for 2 h at 37 ◦C. After incubation supernatant was discarded
and formazan was dissolved in 200 μl dimethyl sulfoxide (DMSO) (Sigma Aldrich, St. Louis, MO,
USA). Optical density (OD) was determined by Sunrise absorbance microplate reader (Tecan Trading
AG, Mannedorf, Switzerland) at wavelength 570 nm and 620 nm (as reference).

4.8. Colony Formation Assay

Both GC cancer cell lines (750 and 1000 cells/well, AGS and MKN28, respectively) were seeded in
duplicates onto 6-well plates and transfected after 24 h. After 9 days of incubation of AGS cells and
8 days of incubation of MKN28, cells were washed with PBS, fixed with 10% formalin, and stained
with 0.5% crystal violet. Colonies were counted using ImageJ software (version 1.52g).

4.9. Apoptosis Assay

Apoptosis of cells (100,000 cells/well) was measured using FITC Annexin V/Dead Cell Apoptosis
Kit with FITC Annexin V and PI (Invitrogen, Carlsbad, CA, USA) 72 h after transfection. Harvested
cells were centrifuged and suspended in 1× Annexin binding buffer. Cell suspension was incubated
with Annexin V-FITC and PI according to manufacturer’s protocol. Samples were analyzed using
Accuri C6 flow cytometer (BD Biosciences, Erembodegem, Belgium). Cells were discriminated into
viable (both annexin V-FITC/ PI negative), apoptotic (annexin V-FITC positive), and dead cells (both
annexin V-FITC/ PI positive).

4.10. Wound Healing Assay

Migration of transfected AGS and MKN28 (100,000 and 75,000 cell/well, respectively) was
determined using wound healing assay. Cells were transferred to two well culture-inserts (Ibidi,
Munich, Germany) 24 h after transfection. After the overnight incubation, cell culture inserts were
removed to create 500 μm gap between the cells. Cell migration was monitored at 0 h, 24 h, and 48 h
after the removal of culture-inserts under IX71 microscope (Olympus, Tokyo, Japan).

4.11. Tumorigenicity of miR-20b and miR-451a in INS-GAS Mouse Model

All in vivo experiments were carried out on the insulin-gastrin (INS-GAS) transgenic mouse
model. Model was used to evaluate the alterations of miR-20b and miR-451a expression following
H. pylori infection with a follow-up from 12 to 50 weeks of age.

4.12. Statistical Analysis

Experimental data is presented as means ± standard deviation (SD) of three to five independent
experiments. All analyses were performed with R Studio software (R version 3.3.3); a value of p < 0.05
was considered statistically significant. Data distribution was determined by the Shapiro–Wilk test,
which was used to determine whether the data distribution was normal or non-normal. The T-test was
used to determine significance of difference between data with normal distribution. The Wilcoxon test
was used for significance of difference between data with non-normal distribution.

Supplementary Materials: The following are available online at http://www.mdpi.com/1422-0067/21/3/877/s1,
Table S1: Characteristics of gastric cancer patients and controls. Table S2: binding positions and sequences of
inserts for investigation of miRNA direct binding to target genes (PTEN, TXNIP, CAV1 and TSC1) by luciferase
reporter assay.
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GAPDH glyceraldehyde 3-phosphate dehydrogenase
GC gastric cancer
HER human epidermal growth factor receptor
INS-GAS insulin-gastrin
IRF1 interferon regulatory factor 1
miRNA microRNA
mTOR mammalian target of rapamycin
MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
mut mutant
OD optical density
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PI3K phosphatidylinositol-3-kinase
PTEN phosphatase and tensin homologue
RIPA radioimmunoprecipitation assay
RISC RNA-induced silencing complex
RNA ribonucleic acid
TSC1 tuberous sclerosis 1
TXNIP thioredoxin-interacting protein
wt wild-type
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Cell-free DNA is released from cells at 

cell death and also through active cell 

secretion [1–3]. cfDNA is readily available 

in various body fluids, such as blood plasma 

and urine [4–6]. One advantage of urine 

over blood is non-invasive sampling at the 

study probands’ or patients’ own choice 

of time, without the need for medical staff. 

Urine sampling could improve proband 

recruitment success and compliance, and 

avoids potential ethical problems in studies 

that involve children or patients in great pain. 

In contrast to blood cfDNA, there are insuf-

ficient data on the quantity and variability 

of cfDNA in urine. This fundamental infor-

mation is required for designing urine cfDNA 

studies.

Here, we benchmarked two new 

commercial urine cfDNA isolation kits from 

Norgen and PerkinElmer with respect to 

cfDNA yields, replicability of yields from 

the same probands’ urine at sequential 

intervals, and potential differences between 

males and females. We chose these specific 

urine kits because the Norgen blood plasma 

cfDNA isolation kits showed the highest 

yields in a benchmark [7] and the Perkin-

Elmer plasma cfDNA kit yields in our lab 

were even higher (data not shown).

Informed consent was obtained from all 

participants, consisting of healthy volunteers 

and cancer patients. The University Hospital 

of Schleswig-Holstein’s ethics committee 

approved the patient information sheet 

and the consent form used for the study 

(B327/10, D470/14). All patients included in 

the study gave written informed consent 

to donate their samples to the biobank for 

research use. The research was conducted 

according to the principles of the Decla-

ration of Helsinki. Initially, we collected 

samples from cancer patients and healthy 

volunteers in Urine Collection and Preser-

vation Tubes (15 cc) (Norgen Biotek, Cat. 

18120) and isolated cfDNA using the Perkin-

Elmer kit and the Norgen kit. The cfDNA 

yields ranged from 0 to 86.5 ng cfDNA from 

5 ml of urine (data not shown). It was unclear 

whether this variability was of biological 

nature.

Therefore, we systematically compared 

the kits by examining the reproducibility of 

urine cfDNA yield from eight healthy volun-

teers (four females and four males) on 5 

different days. They were informed that the 

second morning urine was required, as the 

first morning urine was reported to contain 

more degraded cfDNA [8]. 100 ml sterile 

disposible urine cups were distributed. Urine 

donation took place between 9am and 

10am on each day of donation. No preser-

vation agents were used. Urine processing 

started between 10am and 11am on the 

same day. The urine samples were centri-

fuged twice to remove cellular matter, 

first at 200 x g (10 min) followed by 1800 

Quantifying cell-free DNA in urine: comparison 
between commercial kits, impact of gender and 
inter-individual variation
Greta Streleckiene1,2, Hayley M Reid2, Norbert Arnold2,3, Dirk Bauerschlag3 & Michael Forster*,2

1Institute for Digestive Research, Lithuanian University of Health Sciences, Eiveniu Str. 2, LT-50009 Kaunas, 

Lithuania, 2Institute of Clinical Molecular Biology, Christian-Albrechts-Universität zu Kiel, Schleswig-Holstein, 

D-24105 Kiel, Germany, 3Department of Gynecology & Obstetrics, University Hospital of Schleswig-

Holstein, Christian-Albrechts-Universität zu Kiel, D-24105 Kiel, Germany

BioTechniques 64: 225-230 (May 2018) 10.2144/btn-2018-0003

Keywords: circulating cell-free DNA • DNA amount • urine

DNA can enter the blood circulation from living cells by extracellular vesicles or at cell death, and pass 

into urine through the kidney barrier. Urine can be collected non-invasively, making it an interesting source 

of cell-free DNA (cfDNA) for research studies and ultimately for clinical diagnostics. However, there is cur-

rently a lack of data on the quantity and variability of cfDNA in urine. Here, we benchmark two commer-

cial urine cfDNA isolation kits with respect to the quantity of DNA, the labor time, and cost. The results 

show distinctive differences between each kit. Furthermore, the cfDNA amount from the same probands 

varied strongly from day to day and may be higher in female samples than in male samples (p = 0.003).

METHOD SUMMARY
Two new kits were benchmarked for urine cfDNA isolation: magnetic bead based isolation (NEXTprep-Mag Urine cfDNA Isolation Kit, 

Cat. NOVA-3826–02, PerkinElmer, MA, USA) and silica gel membrane column-based isolation (Urine Cell-Free Circulating DNA Purifi-

cation Midi Kit, Cat. 56700, Norgen Biotek, ON, Canada). The quantity and length distribution of cfDNA were evaluated by an automated 

electrophoresis system (Agilent 2200 TapeStation using the High Sensitivity D5000 Screen Tape, Cat. 5067–5588, Agilent Technologies, 

Waldbronn, Germany).

BencBencBenchmarhmarhmarksksksBenchmarks For reprint orders, please contact: reprints@futuremedicine.com
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x g (10 min). Equal volumes from the four 

female or four male samples were pooled 

to obtain an average result for female or 

male donors without the cost of isolating 

each individual’s cfDNA. 10 ml of each 

pool was used for Norgen-based cfDNA 

isolation and 4 ml for PerkinElmer-based 

isolation. Additionally, on the fifth day of 

donation, cfDNA was isolated from each 

individual’s urine sample (F1–F4 and M1–

M4). All isolations were performed according 

to manufacturers’ instructions. Length distri-

bution and concentration of isolated DNA 

were analyzed using the Agilent TapeS-

tation, according to the manufacturer’s 

instructions. A DNA size range of 100 to 

1000 bp was manually selected in the 

TapeStation Analysis Software A.01.04 to 

obtain the cfDNA concentration.

Figure 1 compares electropherograms 

between isolates from the same pooled 

female and male urine samples, respec-

tively. Figure 2A and Table 1 summarize 

the cfDNA yield ranges and differences 

between kits in the female and male pools 

on five donation days. The mean yields 

of cfDNA (ng per ml of urine ± standard 

deviation) were 4.72 ± 3.53 (Norgen) and 

14.83 ± 11.16 (PerkinElmer) for female pools 

and 0.83 ± 0.39 (Norgen) and 2.04 ± 0.33 

(PerkinElmer) for male pools. The yield 

difference between kits was significant for 

male pools (p = 0.008, Wilcoxon test). The 

yield difference between genders was signif-

icant for the Norgen kit (p = 0.016, Wilcoxon 

test) and when both kits were considered 

(p = 0.003, Wilcoxon test). Figure 2B and 

Table 2 indicate yield ranges and kit-based 

differences for the eight probands’ individual 

urine samples that were isolated on the fifth 

day. The mean yields of cfDNA (ng per ml of 

urine ± standard deviation) were 0.98 ± 0.40 

(Norgen) and 2.27 ± 1.17 (PerkinElmer) for 

female individuals and 1.46 ± 0.67 (Norgen) 

and 1.99 ± 1.02 (PerkinElmer) for male 

individuals. Finally, Table 3 summarizes the 

isolation cost and processing times.

In conclusion, the bead-based method 

was twice as fast as the column-based 

method and tended to yield more cfDNA 

per ml of urine. Larger sample numbers 

may lead to greater clarity. The urine cfDNA 

length profiles (Figure 1) suggest that the 

PerkinElmer kit is more efficient at capturing 

short DNA. Short DNA is of scientific interest, 

as it is present in blood plasma as cfDNA. In 

blood plasma, cfDNA lengths peak at about 

165 nucleotides with a minor peak at about 

1000 nucleotides [9]. In urine, we observed 

prominent DNA fractions longer than 165 

nucleotides. These fractions of longer 

DNA fragments possibly arise from the 

epithelia of the urinary tract, after shedding 

 

A

B

C

D

Figure 1. Urine cfDNA length distributions depending on gender and kit. The figure shows Agilent 
TapeStation electropherograms of cfDNA from pooled urine samples from the fourth donation day. (A) 
Isolated with PerkinElmer kit from pooled healthy female urine. (B) Isolated with PerkinElmer kit from 
pooled healthy male urine. (C) Isolated with Norgen kit from same pooled female urine. (D) Isolated with 
Norgen Kit from same pooled male urine. The DNA fragment size range from 100–1000 base pairs was 
manually selected for the quantification of the cfDNA yields.
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and subsequent lysis of epithelial cells. 

Our gender-related differences in cfDNA 

yields correspond to a previous study on 

genomic DNA in urine [10,11]. Higher DNA 

yields in female urine have been previously 

reported [11–13] indicating that urine from 

females contained more epithelial cells than 

that from males.

To sum up, there is vast variation in DNA 

yields between different individuals and even 

for the same individuals on different days. 

When designing a study, we recommend 

ample amounts of urine to be collected. For 

NGS with 50 ng of cfDNA, we recommend 

collecting 60 ml urine for the PerkinElmer kit 

(15 extractions × 4 ml) or 70 ml for Norgen 

(7 extractions × 10 ml using the Midi kit or 

3 × 30 ml using the Maxi kit).
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Figure 2. Urine cfDNA isolation yields depending on kit and individual. (A) Pooled urine isolations. 
Norgen and PerkinElmer cfDNA isolation yields from the same healthy female and male urine pools rep-
licated on five days. Yield varies strongly within the same groups of study probands between different 
days. Yield from the same urine is generally higher with the PerkinElmer kit. Yield is higher in the female 
pools. (B) Individuals’ urine isolations. Norgen and PerkinElmer cfDNA isolation yields from four healthy 
female probands’ individual urine samples (F1-F4) and from four healthy male probands’ individual 
urine samples (M1–M4). The PerkinElmer kit yields are higher than the Norgen kit yields, especially 
for the female urine. Fourfold inter-individual differences are seen between lowest and highest yield.

Table 1. cfDNA yields from female and male urine sample pools† on five different collection days.

Donation day Isolation kit Gender of pool cfDNA (ng per ml of urine) cfDNA per urine isolation (ng)‡

1. Norgen F 4.75 47.45

    M 1.00 10.00

  PerkinElmer F 15.25 61.00

    M 1.68 6.72

2. Norgen F 10.25 102.50

    M 0.48 4.85

  PerkinElmer F 31.80 127.20

    M 2.23 8.90

3. Norgen F 5.15 51.50

    M 0.90 8.95

  PerkinElmer F 16.35 65.40

    M 1.85 7.40

4. Norgen F 2.40 23.95

    M 0.41 4.07

  PerkinElmer F 9.15 36.60

    M 2.51 10.04

5. Norgen F 1.04 10.37

    M 1.34 13.42

  PerkinElmer F 1.58 6.34

    M 1.95 7.81

†Female urine pools from the same four healthy females, male urine pools from the same four healthy males.
‡Urine volumes in the cfDNA isolation protocols are 10 ml (Norgen) vs 4 ml (Perkin Elmer).
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Table 2. cfDNA isolation results from eight healthy individuals’ urine samples.

Gender Sample Isolation kit cfDNA (ng per ml of urine) cfDNA per urine sample (ng)†

Female F1 Norgen 1.40 14.03

    PerkinElmer 2.81 11.22

  F2 Norgen 1.25 12.49

    PerkinElmer 3.58 14.30

  F3 Norgen 0.69 6.90

    PerkinElmer 1.75 7.01

  F4 Norgen 0.59 5.94

    PerkinElmer 0.92 3.70

Male M1 Norgen 0.73 7.32

    PerkinElmer 0.76 3.03

  M2 Norgen 2.05 20.54

    PerkinElmer 2.70 10.79

  M3 Norgen 1.09 10.89

    PerkinElmer 2.94 11.77

  M4 Norgen 2.04 20.35

    PerkinElmer 1.55 6.20

†Urine volumes in the cfDNA isolation protocols are 10 ml (Norgen) vs 4 ml (Perkin Elmer).

Table 3. Commercial cfDNA isolation kits used in this study.

Full name of kit Manufacturer Urine amount 
(ml)

Elution volume 
( l)

Price per 
sample (€)

Processing 
time (min)

Urine Cell-Free Circulating DNA Purification Midi Kit Norgen Biotek 10 50 20.50 90

NextPrep-Mag Urine cfDNA Isolation Kit Bioo Scientific by Perkin Elmer 4 20 12.17 45

A4
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Effects of Quantification Methods, Isolation Kits,
Plasma Biobanking, and Hemolysis on Cell-Free

DNA Analysis in Plasma

Greta Streleckiene,1 Michael Forster,2 Ruta Inciuraite,1 Rokas Lukosevicius,1 and Jurgita Skieceviciene1

Cell-free DNA (cfDNA) has become a promising noninvasive clinical marker widely studied in early disease
detection, monitoring, and therapy selection. However, there is lack of data on a number of cfDNA-associated
procedural features such as blood plasma biobanking conditions, isolation, and quantification methods that
should be taken into account as they can affect downstream applications. In this study cfDNA from 125 plasma
samples from healthy individuals were isolated using three different commercial kits (bead and vacuum based).
Yield of cfDNA, distribution of cfDNA fragments and absolute amount of miR-223 were estimated. Moreover,
the impact of different plasma biobanking conditions and hemolytic plasma were evaluated. In conclusion,
results showed that quantification method (fluorescence or microcapillary electrophoresis based) has a major
impact in estimating cfDNA amount. Samples isolated by QIAamp showed a higher amount of larger (around
300 bp) DNA fragments and miRNA yield, suggesting possible applications for multiomics approach. On the
other hand, the highest cfDNA yield was obtained in samples isolated by the MagMAX Isolation Kit. This kit
also showed lowest coefficient of variation and low miRNA yield. Plasma storage conditions and hemolysis
affected performance of isolation kits differently.

Keywords: cell-free DNA, plasma, quantification, plasma biobanking, hemolysis

Introduction

Cell-free DNA (cfDNA) is released into the blood
stream in various ways, including at the death of cells

or by active secretion.1 cfDNA molecules are small with a
major peak at 160–180 bp.2 Increased levels of cfDNA can
be detected in various physiological and pathological con-
ditions.3 Analysis of cfDNA in the blood of cancer patients
showed a strong correlation between cfDNA amount and
tumor size, burden, and metastasis status. It was also shown
that cfDNA could be a powerful disease state and relapse
monitoring analyte.1,4–6

New minimally invasive diagnostic procedures for cir-
culating molecules are in demand because standard diag-
nostics are not able to analyze the cancer mutation profile
changes over the course of treatment. Apart from cancer
mutation monitoring, circulating nucleic acids could be
used for multiomic analysis comprising genomic and epi-
genetic (miRNA) alterations for various pathological
conditions. Therefore, blood plasma is a compelling source
for liquid biopsies and there is a high interest among the

medical and biobanking communities for liquid biopsy
diagnostics and disease monitoring. However, there is
currently a lack of scientific reports on standardized pro-
cedures for plasma storage conditions, handling of hemo-
lyzed plasma, quantification and cfDNA isolation methods,
and a lack of reports on analyzing both circulating DNA
and miRNA yields.

Previous studies analyzed the impact of stabilizing agents
(specifically for cfDNA and routinely used stabilizers
[EDTA, heparin, etc.]),7–11 the time elapsed between blood
collection and centrifugation,9,11,12 different centrifugation
profiles, and isolation kits.8,11,13,14 In the study we present
here, we evaluated differences between two quantification
methods and three cfDNA isolation kits. Additionally, we
analyzed whether plasma storage conditions and hemolysis
affect the amount of isolated cfDNA. The key metrics in our
analyses were the yields of genomic DNA (gDNA) and
miRNA in cfDNA samples and the size distribution of
smaller and larger cfDNA fragments between different kits.
The isolation kits were selected to compare the performance
of different methods (bead and vacuum based).

1Institute for Digestive Research, Lithuanian University of Health Sciences, Kaunas, Lithuania.
2Institute of Clinical Molecular Biology, Christian-Albrechts University of Kiel, Kiel, Germany.
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To our knowledge this is the first study in which the
discrepancy between cfDNA quantification methods, the
impact of hemolysis on cfDNA amount, and the amount of
miRNA in cfDNA samples (multiomics approach) were
evaluated.

Materials and Methods

The study was approved by the Kaunas Regional Bio-
medical Research Ethics Committee (No. Nr. BE-2-10).
Informed consent was obtained from all study participants.

Blood collection, plasma storage,
and hemolysis induction

Blood was collected by standard phlebotomy techniques
in BD Vacutainer K2EDTA tubes (10mL, 366643) at two
time points during the period of the study. For studying the
influence of plasma freeze–thaw cycles, our experiment was
repeated on two separate days for the same volunteers (age
range of subjects were 22–25 years) and set up as follows
(see Fig. 1, left half): three blood tubes were collected from
five self-reported healthy volunteers (one male and four
females). Blood was processed immediately after blood
draw to avoid confounding effects.

Tubes were centrifuged at room temperature at 2000· g
for 10 minutes with smooth brake profile to prevent dis-
ruption of the buffy coat layer. Equal volumes (6mL) of
each participant’s plasma were pooled and divided into three
groups: (i) fresh plasma, (ii) one freeze–thaw cycle, and (iii)
two freeze–thaw cycles.

The fresh plasma aliquots from group (i) were centrifuged
again at 3000· g for 10 minutes with smooth brake profile
according to the recommendations from previous studies.7,9

The aliquots from group (ii) (one freeze–thaw cycle) and
group (iii) (two freeze–thaw cycles) were frozen at -20�C
after just one blood centrifugation. The aliquots from
group (iii) (two freeze–thaw cycles) were then completely
thawed at room temperature and frozen at -20�C once
again. All frozen plasma samples were centrifuged be-
fore cfDNA isolation procedures at 4�C at 16,000· g for
10 minutes according to the isolation kit manufacturer’s
recommendations.

For studying the influence of hemolysis, our experiment
was repeated on two separate days for the same volunteer
and set up as follows (see Fig. 1, right half): three tubes of
blood were collected from one healthy volunteer. Of these
tubes, one nonhemolyzed blood tube was centrifuged at
room temperature at 2000· g for 10 minutes with smooth
brake profile and then at 3000 · g for 10 minutes with
smooth brake profile.

Hemolysis was induced mechanically on the remaining
two blood tubes as described by Koseoglu et al.15: one and
five draws through the needle were performed to obtain
moderate and severe hemolysis, respectively. Then blood
samples were first centrifuged with smooth brake profile at
2000· g for 10 minutes and second at 3000· g for 10 min-
utes. Finally, plasma samples were aliquoted (2· 1mL of
plasma for each tested condition: nonhemolyzed, 1· hemo-
lyzed, and 5· hemolyzed) and processed further. Hemolysis
of blood samples was evaluated spectrophotometrically at
570 nm wavelength using an absorbance microplate reader,
Tecan Sunrise16 (data not shown).

cfDNA isolation

cfDNA was isolated using three commercially available
isolation kits. The NextPrep-Mag cfDNA Isolation Kit
(Bioo Scientific) and MagMAX Cell-Free DNA Isolation

FIG. 1. Flow of samples preparation. Study 1: pooled
samples from five healthy volunteers; Study 2: individual
samples from one healthy volunteer. Left half: equal vol-
umes of each participant’s plasma were pooled and divided
into three groups: (i) fresh plasma, (ii) one freeze–thaw
cycle, and (iii) two freeze–thaw cycles. The blood tubes
were first centrifuged at room temperature at 2000· g for 10
minutes. Then fresh plasma aliquots from group (i) were
centrifuged again at 3000 · g for 10 minutes. The aliquots
from group (ii) (one freeze–thaw cycle) and group (iii) (two
freeze–thaw cycles) were frozen at -20�C after just one
blood centrifugation. The aliquots from group (iii) (two
freeze–thaw cycles) were then completely thawed at room
temperature and frozen at -20�C once again. All frozen
plasma samples were centrifuged before cfDNA isolation
procedures at 4�C at 16,000· g for 10 minutes. The plasma
storage experiment was repeated in another two replicates.
Right half: Three blood tubes were drawn from a healthy
proband. The first tube of nonhemolyzed blood was centri-
fuged at room temperature at 2000· g for 10 minutes and
then at 3000· g for 10 minutes. Hemolysis was induced
mechanically on the remaining two blood tubes: one and
five draws through the needle were performed. The hemo-
lysis experiment was repeated in another three replicates.
cfDNA, cell-free DNA.
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Kit (Thermo Fisher Scientific) are bead based, whereas the
QIAamp Circulating Nucleic Acid Kit (Qiagen) is a column-
based isolation kit (Table 1). All isolation procedures
were done according to the manufacturer’s protocols us-
ing 1mL of plasma. To assess exogenous DNA contami-
nation, a water control was included. Purified DNA was
either analyzed without delay or stored at +4 until further
analysis. Processing time of the cfDNA Isolation Kits was
around 45 minutes, 1.5 hours, and 2 hours for NextPrep-
Mag, MagMAX, and QIAamp, respectively.

cfDNA quantification

cfDNA amount was quantified by two different methods:
the Fluorescence-based Qubit dsDNA HS Assay Kit (Thermo
Fisher Scientific) and laser-induced fluorescence-based
microcapillary electrophoresis, the Agilent High-Sensitivity
DNA Kit (Agilent Technologies). Peaks around 180, 350, and
500 bp were considered as mono-, di-, and trinucleosomal
fragments, respectively (Fig. 2). Fragments higher than 1000
bases were considered as gDNA. Summary statistics are
presented in Table 2.

Absolute miR-223 quantification

The amount of miR-223 in plasma samples was deter-
mined using real-time quantitative polymerase chain reaction
(RT-qPCR) and TaqMan miRNA Assay primers and probes.
RT-qPCR was carried out on Applied Biosystems 7500
Fast Thermocycler using the manufacturer’s recommended
cycling conditions. Absolute quantification was performed
using qPCR standard curves generated with synthetic single-
stranded RNA nucleotides corresponding to the mature miR-
223 sequence (miRbase Release v.22). The synthetic miRNA
was first reverse transcribed to generate standard curves, then
the miRNA amount in pg per 1mL of plasma was evaluated
according to the CT value in each sample.

Statistical analysis

Statistical analysis was performed using R Studio soft-
ware (R version 3.3.3). Data are presented as mean – stan-
dard deviation and considered significant when p is less than
0.05. Two-sided T-test or Mann–Whitney U test were used.
Data distribution was determined by the Kolmogorov–
Smirnov (K–S) test, which was used to determine whether
the data distribution was normal or non-normal. The T-test
was used to determine significance of difference between
data with normal distribution. The Mann–Whitney U test
was used for significance of difference between data with
non-normal distribution.

Results

Amount of cfDNA varies greatly depending
on quantification method

First, our study determined whether there are differences
between values obtained by fluorescence-based and laser-
induced fluorescence-based microcapillary electrophoresis
methods (Qubit and Agilent, respectively) for all samples of
the study (n = 125). Interestingly, values obtained by the two
different methods differed significantly (on average Qubit:
7.11 – 3.24 ng/mL of plasma; Agilent: 4.06– 1.55 ng/mL of
plasma; Mann–Whitney U test, p= 1.86 · 10-21). Accord-
ingly, comparing different kits, differences in the amount of
cfDNA were significant only on the basis of the Qubit
quantification method (Fig. 3): the amount of cfDNA iso-
lated by QIAamp was significantly greater (9.49–
4.02 ng/mL of plasma) compared with the NextPrep-Mag
(5.74– 1.57 ng/mL of plasma) and MagMAX (6.06–
2.08 ng/mL of plasma) Isolation Kits (Mann–Whitney U
test, p = 1.62 · 10-7; p = 1.16 · 10-6, respectively).

Conversely, according to the Agilent quantification
method, there were no significant differences between the
amounts of cfDNA isolated with different isolation kits
(Fig. 3). The discrepancy between quantification methods
may be explained by the lack of specificity for cfDNA in
fluorescence-based methods, as not only cfDNA fragments
are quantified. Carrier RNA (cRNA) is present in QIAamp
isolations, which could interfere with the signal. Therefore,
all further comparisons were based on quantifications by the
Agilent method. The coefficient of variation (CV) of cfDNA
yield in aliquoted pooled samples quantified by Qubit and
Agilent isolated by NextPrep-Mag were—12.32% and
30.05%, MagMAX—11.68% and 14.12%, and QIAamp—
14.91% and 26.30%, respectively (Table 2).

Plasma biobanking conditions and hemolysis
affected performance of cfDNA isolation
kits differently

We have evaluated how freeze–thaw cycles and different
grades of hemolytic plasma could affect amount of cfDNA
and gDNA. Samples of Study 1 (analysis of influence of
freeze–thaw cycles) were pooled aliquoted samples (n = 89)
and samples of Study 2 (analysis of hemolytic plasma in-
terference) were individual aliquoted samples (n = 36). Only
samples isolated by the QIAamp Kit showed significant
changes in cfDNA yield concerning plasma biobanking
conditions: the amounts of cfDNA in fresh plasma samples
(2.46– 0.61 ng/mL of plasma), in samples after one freeze–
thaw cycle (3.15 – 0.55 ng/mL of plasma) and in samples

Table 1. Specifications of Cell-Free DNA Isolation Kits

Isolation kit Manufacturer Plasma input

Price per
1mL of

plasma (Eur)a

Price per
5mL of

plasma (Eur)a Technique
Carrier
RNA

Proteinase
K

NextPrep-Mag Bioo Scientific
by PerkinElmer

<1–3mL 9.73 48.67b Beads-based No Yes

MagMAX Thermo Scientific 500mL–10mL 11.47 57.34 Beads-based No Optional
QIAamp Qiagen 1–5mL 22.33 22.33 Vacuum-based Yes Yes

aPrice may vary in different countries.
bPrice for the here tested 1–3mL kit; the 3–5mL kit is better value for 5mL isolations.
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FIG. 2. Plasma cfDNA length dis-
tributions depending on kit. The figure
shows representative Agilent Bioana-
lyzer 2100 Electropherograms of
cfDNA from pooled plasma samples.
(A) Isolated with the MagMAX Kit
from pooled healthy plasma.
(B) Isolated with the QIAamp Kit
from pooled healthy plasma.
(C) Isolated with the NextPrep Kit
from pooled healthy plasma. The
cfDNA length peaks around 180,
350p, and 500 bp were considered as
mono-, di-, and trinucleosomal cfDNA
fragments, respectively.

Table 2. Amount of Cell-Free DNA and Genomic DNA Isolated by Different Isolation Kits

Qubit (ng/mL of plasma) Agilent (ng/mL of plasma)

NextPrep-Mag
(n = 41)

MagMAX
(n = 42)

QIAamp
(n = 42)

NextPrep-Mag
(n = 41)

MagMAX
(n= 42)

QIAamp
(n = 42)

cfDNA 5.74 – 1.57 6.06 – 2.08 9.49 – 4.02 4.15 – 1.36 4.16 – 1.44 3.87 – 1.85
gDNA — — — 0.53 – 0.44 0.81 – 0.56 0.90 – 0.69
CV of cfDNA yield (%) 12.32 11.68 14.91 30.05 14.12 26.30

cfDNA, cell-free DNA; CV, coefficient of variation; gDNA, genomic DNA.
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after two freeze–thaw cycles (3.11 – 0.63 ng/mL of plasma)
showed a significant increase in cfDNA yield (T-test,
p = 0.016 and p= 0.031, respectively) (Fig. 4).

No significant differences in cfDNA yield after freeze–
thaw cycles were observed in samples isolated by MagMAX

and NextPrep-Mag kits. Moreover, no significant differences
were seen between the amounts of gDNA from different
plasma storage conditions and isolation kits. Comparing
nonhemolyzed plasma with moderately or severely hemolyzed
plasma samples, no significant differences were determined in
the cfDNA amounts in samples isolated by three different kits.
However, significant differences were determined for the
amounts of gDNA in samples isolated by MagMAX between
nonhemolyzed samples and samples with severe hemolysis
(1.34– 0.18 ng/mL vs. 2.12 – 0.23 ng/mL of plasma; T-test,
p = 0.002) (Fig. 5).

Amount of gDNA and miRNA in cfDNA samples
depends on isolation kit

The amount of co-occurring gDNA and miRNA in the
cfDNA isolates is summarized in Figures 3 and 6, re-
spectively. The amount of gDNA was significantly higher
for the QIAamp (0.90 – 0.69 ng/mL of plasma) and Mag-
MAX (0.81 – 0.56 ng/mL of plasma) Isolation Kits com-
pared with the NextPrep-Mag (0.53 – 0.45 ng/mL of
plasma) Isolation Kit (Mann–Whitney U test, p = 0.001,
p = 0.004, respectively) (Fig. 3). miR-223 quantification
analysis showed significantly higher amounts of miRNA in
samples isolated by QIAamp and NextPrep-Mag (2 ·
10-3 – 9 · 10-4 and 7 · 10-3 – 7 · 10-3 pg/1mL of plasma;
T-test, p = 0.003 and p = 0.027, respectively) compared
with samples isolated by MagMAX (1 · 10-4 – 8 · 10-5
pg/1mL of plasma) (Fig. 6).

Distribution of cfDNA fragment lengths varies
depending on isolation kit and also could be
affected by plasma storage conditions

The cfDNA length distributions depending on kit
are shown in Figure 2. These length distributions show
three peaks that we interpreted to be mono-, di-, and

FIG. 3. Amount of cfDNA isolated by different kits and
quantified by different methods. Yield of cfDNA in all
plasma samples (Study 1 and Study 2 samples) analyzed in
the study. Based on Qubit quantification, a significantly
higher amount of cfDNA was isolated with QIAamp. Based
on Agilent quantification, no statistical significance was
determined between the cfDNA yields of different isolation
kits. The amount of gDNA was higher in isolations by
QIAamp and MagMAX than by NextPrep. Boxes represent
interquartile range, from the bottom: 25th percentile, 50th
percentile, and 75th percentile. Whiskers—largest and
smallest value within 1.5 times interquartile range. Dots
represent outside values—>1.5 times and <3 times inter-
quartile range beyond either end of the box.

FIG. 4. Distribution of cfDNA amount according to different plasma storage conditions. (A) Yield of cfDNA and
(B) gDNA in plasma samples under different plasma storage conditions (fresh, one, and two freeze–thaw cycles). An
increase in cfDNA yield was observed in samples isolated by QIAamp after one and two freeze–thaw cycles. No significant
differences in amount of gDNA were determined when comparing different plasma storage conditions and isolation kits. All
yields are based on Agilent quantification. Boxes represent interquartile range, from the bottom: 25th percentile, 50th
percentile, and 75th percentile. Whiskers—largest and smallest value within 1.5 times interquartile range. Dots represent
outside values—>1.5 times and <3 times interquartile range beyond either end of the box. (*p < 0.05).
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trinucleosomal cfDNA fragments. Comparing performance
of the different isolation kits, fresh plasma samples were
analyzed (n = 29); while comparing plasma storage condi-
tions—fresh plasma samples and samples after one or two
freeze–thaw cycles were analyzed (n = 89). A higher amount
of mononucleosomal fragments was determined in samples

isolated by NextPrep-Mag (2.78– 0.97 ng/mL of plasma) and
MagMAX (2.89– 1.04 ng/mL of plasma) Isolation Kits than
in samples isolated by QIAamp (2.09– 1.07 ng/mL of plas-
ma; Mann–Whitney U test, p= 0.0003 and p= 8.22· 10-5,
respectively).

On the other hand, samples isolated by QIAamp showed
a higher amount of dinucleosomal fragments (0.94 –
0.46 ng/mL of plasma) compared with NextPrep-Mag
(0.67 – 0.28 ng/mL of plasma) and MagMAX (0.66 –
0.31 ng/mL of plasma) (Mann–Whitney U test, p= 0.002
and p = 0.001, respectively). Samples isolated by QIAamp
also showed a higher amount of trinucleosomal fragments
compared with samples isolated by MagMAX (0.85 –
0.52 ng/mL of plasma and 0.59– 0.23 ng/mL of plasma re-
spectively; Mann–Whitney U test, p= 0.008) (Fig. 7).

The amounts of mono-, di-, and trinucleosomal cfDNA
depending on the number of freeze–thaw cycles are shown in
Figure 8. A slight increase of mononucleosomal fragments in
samples isolated by QIAamp after one freeze–thaw cycle
was observed (1.31– 0.42 and 1.70– 0.38 ng/mL of plasma,
fresh and once frozen respectively; T-test, p= 0.044).
A slight increase in trinucleosomal fragments in samples
isolated by QIAamp after two freeze–thaw cycles was de-
termined (0.51– 0.22 and 0.72– 0.15 ng/mL of plasma, fresh
and twice frozen respectively; T-test, p= 0.029). A slight
increase in mononucleosomal fragments was observed in
samples isolated by MagMAX after two freeze–thaw cycles
(2.11– 0.59 and 2.77– 0.60 ng/mL of plasma, fresh and
twice frozen respectively; T-test, p= 0.023) (Fig. 8).

Discussion

Recent studies of cancer biomarkers mainly focus on
minimally invasive tests, such as liquid biopsies, which
could be important for regular monitoring, disease man-
agement (relapse, metastasis), and evaluation of resis-
tance to therapy. The minimally invasive nature of plasma

FIG. 5. Amount of cfDNA and gDNA in nonhemolyzed and hemolyzed samples. (A) Yield of cfDNA and (B) gDNA in
nonhemolyzed samples and samples with moderate and severe hemolysis (1 · and 5 · hemolyzed, respectively). No sig-
nificant differences were determined between the amounts of cfDNA in samples isolated by different isolation kits.
A significant increase in gDNA yield was determined in samples isolated by MagMAX between nonhemolyzed samples and
samples with severe hemolysis. All yields are based on Agilent quantification. Boxes represent interquartile range, from the
bottom: 25th percentile, 50th percentile, and 75th percentile. Whiskers—largest and smallest value within 1.5 times in-
terquartile range. Dots represent outside values—>1.5 times and <3 times interquartile range beyond either end of the box.

FIG. 6. Amount of miRNA in plasma samples isolated by
different kits. Yield of miR-223 in pooled plasma samples
(n = 3). Significantly higher amount of miRNA in samples
isolated by QIAamp and NextPrep was determined com-
pared with samples isolated by MagMAX. Yields based on
qPCR. Boxes represent interquartile range, from the bottom:
25th percentile, 50th percentile, and 75th percentile.
Whiskers—largest and smallest value within 1.5 times in-
terquartile range. Dots represent outside values—>1.5 times
and <3 times interquartile range beyond either end of the
box. qPCR, quantitative polymerase chain reaction.
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sampling makes cfDNA a suitable clinical analyte. How-
ever, isolation of cfDNA has some procedural features that
should be taken into account as they can affect downstream
applications.

In our study, we evaluated the impact of the quantification
method and found that the amount of cfDNA quantified by
Qubit and Agilent differed significantly. cRNA is present in
QIAamp isolations, which could interfere with the signals as
also stated in the handbook presented by the manufacturer.
Spectrometry and fluorescence-based methods are less spe-
cific and in the special case when cRNA (QIAamp isolation
method) is used, the quantification signal may be increased
nonspecifically.17 Real-time PCR is currently recommended
as the gold standard for DNA quantification in biobanks.
However, this method is expensive and time consuming.

On the other hand, the microcapillary electrophoresis-
based method has many advantages: it is less time con-
suming, provides information on the distribution of cfDNA
fragment lengths and on the presence of gDNA, and it is
specific to DNA and sensitive. Indeed, cRNA was not ob-
served to impact the cfDNA quantification when using
Agilent (data not shown).

Previous studies widely reported the advantages of the
QIAamp Isolation Kit, and Qiagen remains one of the leaders
in this field.10,11,13,18 It is important to note that in many of
those cases cfDNA yield was quantified by fluorescence-
based methods, which could lead to inaccurate conclusions.
Similarly, our results showed a significantly greater amount of
cfDNA isolated by this QIAamp Kit only when quantified by
Qubit fluorometer, and in this case cRNA interference could
not be ruled out. In terms of CVs of pools of plasma samples
quantified byQubit andAgilent,MagMAX showed the lowest
CVs of 11.68% and 14.12%, respectively, suggesting that this
kit may enable the best technical reproducibility.

Second, significant changes in the cfDNA amount were
observed in samples isolated by the QIAamp Isolation Kit
after additional plasma freeze–thaw cycles, while, interest-
ingly, no increase of gDNA was determined. In our study we
considered fragments longer than 1000 bp to be gDNA. The
Agilent High-Sensitivity DNA Kit size range is 50–7000 bp,
and larger fragments were not analyzed, therefore results
on gDNA presence should be interpreted with caution.
Third, no significant changes in isolated cfDNA or gDNA
amounts were observed in hemolyzed plasma samples,

FIG. 7. Distribution of cfDNA fragments
isolated with different isolation kits. Dis-
tribution of cfDNA fragments in all plasma
samples analyzed in the study and isolated
by three different kits. Higher amount of
mononucleosomal fragments was deter-
mined in samples isolated by the NextPrep-
Mag and MagMAX Isolation Kits compared
with QIAamp. Higher amount of di- and
trinucleosomal fragments in samples iso-
lated by QIAamp than by other isolation
kits. Yields based on Agilent quantification.

FIG. 8. Distribution of cfDNA fragments
isolated with different isolation kits after
different plasma storage conditions. Dis-
tribution of cfDNA fragments in plasma
samples under different plasma storage
conditions (fresh, one, and two freeze–thaw
cycles). Slight increase of mononucleosomal
fragments in samples isolated by QIAamp
after one freeze–thaw cycle was observed,
and slight increase in trinucleosomal frag-
ments in samples isolated by QIAamp after
two freeze–thaw cycles was determined.
Also, slight increase in mononucleosomal
fragments was observed in samples isolated
by MagMAX after two freeze–thaw cycles
compared with fresh plasma samples.
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except for an increase of gDNA when using the MagMAX
Isolation Kit.

Fourth, we analyzed the yield of larger DNA fragments
and miRNA in cfDNA samples. QIAamp and MagMAX
isolations had a higher gDNA background compared with
NextPrep-Mag. Although two of isolation kits (MagMAX
and NextPrep-Mag) were not designed for miRNA isolation,
we were able to show that circulating plasma miRNA is
present in cfDNA samples. Absolute miR-223 quantification
showed a significantly higher amount of miRNA isolated by
QIAamp and NextPrep-Mag compared with MagMAX,
suggesting possible application of both kits for analysis of
both circulating nucleic acids (DNA and RNA) and even
multiomics approaches.

Finally, we analyzed the recovery rates of mono-, di-,
and trinucleosomal fragments, which are important for
planning sequencing strategies. We evaluated these recov-
ery rates for each isolation kit and for different plasma
biobanking conditions. Our results revealed that the kits
tested showed significantly different recovery. Greater
amounts of small fragments were isolated by MagMAX and
NextPrep-Mag, and greater amounts of bigger fragments
were isolated by QIAamp.

Storage conditions also had an impact on recovery: an
increase in mono- and trinucleosomal fragments was seen in
samples isolated by QIAamp after one freeze–thaw cycle,
and a slight increase in mononucleosomal fragments was
seen in samples isolated by MagMAX after two freeze–thaw
cycles. The increase in mononucleosomal fragments could
partially be interpreted as the degradation of longer frag-
ments after freeze–thaw cycles. The increase in trinucleo-
somal fragments may be due to the rupturing of cellular
debris and therefore the recovery of longer fragments.
Considering hybridization capture-based sequencing, length
of the cfDNA fragments play an important role. Modifica-
tions of sequencing library preparation and especially DNA
shearing step should be taken into account as well.

This study has some potential limitations. First, small
sample size; in the analysis of different plasma pools dif-
ferent CVs were seen, showing high data variability. In-
creasing the number of samples would also give greater
statistical power to detect differences. Second, the amounts
of cfDNA in healthy individuals are low, therefore further
studies with cancer patients may show a wider range of
factors that could impact cfDNA yield, for example, satu-
ration of beads or columns. Finally, qPCR or digital droplet
PCR analysis, which are currently recommended for cfDNA
quantification was not performed to compare both Qubit and
Agilent quantification methods.

In conclusion, the quantification method has a major role
in cfDNA analysis and further applications, all isolation
methods had different strengths and weaknesses that would
appeal to different users with different requirements:(1)
The NextPrep-Mag Isolation Kit is offered for a lower
price (cheapest for isolations of 1mL samples), has a short
and easy protocol (processing time around 45 minutes),
recovers sufficient miRNA; (ii) MagMAX showed great
results with amount of cfDNA, offers wide range of plasma
volume input, however, is more expensive for isolations
of 5mL samples and could potentially be affected by he-
molytic plasma. Moreover, proteinase K is not provided. Both
bead-based methods require additional equipment (magnetic

rack); (iii) QIAamp has a strong economical advantage for
samples with greater volume (5mL), and could be used for
circulating miRNA analysis. However, it contains poly-A
cRNA, which should be taken into account when choosing
the quantification method. Moreover, it is a vacuum-based
method requiring expensive additional equipment (vacuum
system).
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ABSTRACT
Liquid biopsies are a minimally invasive method to diagnose and longitudinally monitor tumor mutations in patients when tissue biopsies are
difficult (e.g., in lung cancer). The percentage of cell-free tumor DNA in blood plasma ranges from more than 65% to 0.1% or lower. To reliably
diagnose tumor mutations at 0.1%, there are two options: unrealistically large volumes of patient blood or library preparation and sequencing
depth optimized to low-input DNA. Here, we assess two library preparationmethods and analysis workflows to determine feasibility and reliability
based on standards with known allelic frequency (0 and 0.13% in PIK3CA). However, the implementation for patients is still costly and requires
elaborate setups.
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METHOD SUMMARY
Two widely used Illumina library preparation kits were benchmarked for next-generation sequencing of cell-free tumor DNA: one kit without
unique molecular identifiers (UMIs) but in technical duplicates and one kit with UMIs. Two reference cell-free DNA samples were used with 0 and
0.13% tumor allele frequency, respectively. Targeted sequencing was performed to 50,000× average depth. Illumina’s UMI Error Correction Local
App was used for aligning and collapsing UMI sequences. Signal noise in UMI- and non-UMI libraries was compared, and effective sequencing
depth loss due to the bioinformatic processing was quantified to allow for estimating the required sequencing depth.

KEYWORDS:
cell-free DNA • low allele frequency • next-generation sequencing • unique molecular identifier (UMI)

Cancer is the second leading cause of death worldwide, with lung cancer being the cancer entity causing the highest number of fatali-
ties [1]. Approximately 40–50% of patients with non-small-cell lung cancer (NSCLC) are diagnosed with advanced or metastatic disease
and are not candidates for curative therapy but only for life-prolonging and palliative treatment. After the exhaustion of standard treat-
ments, some patients may be discussed by molecular tumor boards and included into clinical trials based on their tumor mutations.
These mutations are usually revealed by a tissue biopsy, but liquid biopsy is gaining interest because of its ability to reveal tumor muta-
tions in a minimally invasive manner. Furthermore, liquid biopsy can potentially predict treatment response and detect minimal residual
disease after cancer surgery. The percentage of cell-free tumor DNA in blood plasma ranges frommore than 65% in advanced patients [2]
to 0.1% or lower in lung cancer patients with less advanced disease [3]. Feasibility, sensitivity/specificity and cost-effectiveness are cru-
cial factors in clinical implementation. Thus, an overall aimmust be to supply reliable data to the individual lung cancer patient and, at the
same time, to set up the analyses to be simple and inexpensive enough that services may be applied broadly. In this article, we sought
to explore these factors for two methods of library preparation and analysis to determine a cost-efficient and robust workflow and to
determine the thresholds of artifacts that would confound the detection of low percentages of tumor. We used theMultiplex I cfDNA Ref-
erence Standard Set (Horizon Discovery Ltd., Cambridge, UK): the 100% Multiplex I Wild Type cfDNA Reference Standard (Cat #HD776)
and the 0.1% Multiplex I cfDNA Reference Standard (Cat #HD779) with mutated PIK3CA p.E545K (chr3: g.178936091G>A in the hg19
genome version) of 0.13% allele frequency according to the supplier. From each DNA, relatively inexpensive libraries without UMIs were
prepared in duplicates (TruSeq Nano, Cat #FC-121-4001, Illumina Inc., CA, USA) using a modified protocol for low input and small frag-
ment sizes (160 bp fragments according to Horizon Discovery). In short, modifications to the protocol were the omission of the shearing
step due to already fragmented DNA and therefore starting at the end repair step as the entry point with 50 ng of cell-free DNA (cfDNA),
SPRIselect bead (SPB) cleanup without size selection (2× vol SPB) and 12 cycles of PCR instead of eight. From 40 ng of each standard,
libraries with unique molecular identifier (UMIs) for cfDNA (TruSight Oncology UMI Reagents, Cat #20024586, Illumina Inc.) were pre-
pared according to protocol, and 500 ng of all six libraries were pooled in equimolar amounts. Targeted capture was done according to
the protocol for xGen hybridization capture of DNA libraries (Integrated DNA Technologies, Inc., Coralville, IA, USA), with custom oligos
for coding regions of PIK3CA supplied by Illumina, and with 10 PCR cycles. The captured pool was sequenced with an Illumina NextSeq
500 using 2 × 150 bp paired-end reads. We aimed for the raw sequencing depth in the target region to be approximately 50,000×.
The sequences were aligned to hg19 using bwa [4] and sorted with samtools [5]. For the settings of all bioinformatic tools used, see
Supplementary Table 1. Library type-specific bioinformatic filtering was performed as follows: The TruSight Oncology UMI sequences
were aligned and collapsed to consensus sequences using the UMI Error Correction Local App (Illumina Inc.). This software package
identifies ’families’ of sequence duplicates that are aligned to the same genomic position and that have the same UMI (see Figure 1)
and replaces each ’family’ of duplicates with a single consensus sequence, resulting in a ’stitched’ bam file of aligned, error-corrected
consensus sequences, thus reducing the impact of randomly occurring PCR artifacts on the final alignment and variant calling as well
as reducing potential sequencing artifacts. The UMIs are unique sequences of seven-nucleotides length that are added to each end of a
cfDNA fragment during library preparation before PCR is performed. From the raw sequencing files in binary base call (BCL) format, the
UMI Error Correction Local App performs base calling, adds the UMI sequences into the sequence names, performs sequence alignment
using bwa [4] and samtools [5] and collapses families of sequences that were aligned to the same genomic position and that have the
same UMI (see Figure 1) into an error-corrected consensus sequence. This is an automatic process in which two default parameters can
be changed: the alignment quality threshold (default: 0) and the minimal read family threshold (default: 2). We used the manufacturer’s
settings, according to standard laboratory practices and International Organization of Standardization recommendations.

For the TruSeq Nano sequences (without UMIs), stringent bioinformatic quality filtering was performed on the raw sequences before
alignment to assesswhether the signal noise could be reduced comparedwith standard filtering, that is, to remove sequence instrument-
based artifacts. This stringent filtering was performed by eliminating all paired-end sequences that did not meet a phred-scaled base
quality of 32 for each base, using fastp [6].

To test whether the combined analysis of the technical replicates can reduce signal noise in the TruSeq Nano library duplicates, an
artificial dataset was created. We thus pooled randomly extracted sequence read-pairs from each of the two TruSeq Nano library du-
plicates’ sequence data files into a single sequence data set. For better comparability between all sequence data sets, we normalized
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Figure 1. Schematic representation of analysis workflow. Horizon cell-free DNA reference standards HD776 (WT) and HD779 (0.13% known allelic
frequency of g.178936091G>A, hg19) were both prepared with Illumina TruSeq Nano and TruSight Oncology library preparation kits. For TruSight
Oncology (with unique molecular identifier [UMIs]) error-corrected consensus sequences were generated from read families and compared with
standard filtering. For TruSeq Nano (without UMIs), standard filtering was compared with stringent filtering and to the TruSight Oncology results. The
quality metrics for the comparisons were the 95% quantile of the PCR and sequencing errors’ (PSE) allelic frequency (AF) and maximum PSE AF. The
PSE AFs were corrected (and rounded to two digits) on the basis of the HD779 standard with its 0.13% mutation allelic frequency.

the pooled library sequence sets (TruSeq 776-Norm, TruSeq 779-Norm) to have approximately identical sequencing depths. Normal-
ization consisted of random sequence data extraction, alignment, computation of sequence depth in the target region (specifically, at
the PIK3CA mutation) and iterative repetition of these steps until the sequencing depth in the target region in the normalized TruSeq
Nano libraries was comparable with the respective TruSight Oncology libraries. In theory, this bioinformatic process should reduce the
randomly appearing artifacts introduced by the significant amount of PCR cycles in the library preparation because those should appear
randomly and independently in technical replicates but should not reduce the artifacts arising from the sequencing instrument.

BAM files of the sequences were deposited at the European Nucleotide Archive under Accession
http://www.ebi.ac.uk/ena/data/view/PRJEB39899. GenSearchNGS [7] (PhenoSystems S.A., Braine le Chateau, Belgium) was used
to analyze the bam files for low allele frequency variants in joint-variant-calling mode, with and without the option ’ignore duplicate
reads’. The ’ignore duplicate reads’ option was not used for the analysis of the UMI-based error corrected ’stitched’ bam files because the
redundant sequences were already collapsed into error-corrected consensus sequences by the UMI Error Correction Local App. The
resulting two multisample variant lists (with and without duplicate reads, i.e., redundant sequences) were exported in csv format.
Allele frequencies were recomputed from the ’coverage’ and ’reads’ columns. Lower coverage genomic positions (less than 500× in
the alignments) were filtered. Box plots and density plots of low-allele-frequency PCR and sequencing errors (signal noise) for each
library type were plotted in R. The allelic frequency of the signal noise was corrected as follows using the known allelic frequency of the
mutation in HD779 versus the sequenced allelic frequency values:

AFcorrected =
AFuncorrected × 0.13%

AFat E545 mutation
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Table 1. Summary of allelic frequencies of PCR or sequencing errors for libraries without a unique molecular identifier (UMI)
versus UMI libraries and bioinformatic nonfiltering versus filtering.
Type Library Filtering† Mean coverage‡ N§ AF¶ 95% quantile AF¶ max

Non-UMI TruSeq 776-1 – 55472 9902 0.07% 0.28%

phred >31 2160 7108 0.10% 0.79%

TruSeq 776-2 – 52573 9902 0.07% 0.25%

phred >31 1416 7108 0.12% 1.58%

TruSeq 776-Norm – 51340 9902 0.07% 0.25%

TruSeq 779-1 – 47552 9902 0.07% 0.20%

phred >31 789 7108 0.15% 0.77%

TruSeq 779-2 – 57491 9902 0.07% 0.25%

phred >31 1948 7108 0.10% 0.80%

TruSeq 779-Norm – 61746 9902 0.07% 0.22%

UMI Oncology 776 – 36786 9963 0.09% 0.51%

Consensus 602 7141 0.00% 0.25%

Oncology 779 – 48924 9963 0.09% 0.57%

Consensus 670 7141 0.00% 0.25%

†Filtering: phred >31 considered only read-pairs with base quality >31 for all bases in the read-pair. Consensus filtering with the Illumina UMI app collapsed duplicate reads with
identical UMIs to a consensus read.
‡Mean coverage: considered the entire coding region of PIK3CA but counted only bases with at least phred >19.
§N: number of observations (genomic positions in PIK3CA with sequencing depth at least 500× in all libraries of the same type).
¶AF: Allele frequency of the PCR and sequencing errors, the computation of which considered only those genomic coordinates with aminimal sequencing depth of 500× in libraries
of the same group (TruSeq unfiltered, TruSeq filtered, Oncology unfiltered, Oncology filtered).

The main results can be summarized as follows (Figure 1).
The allele frequency of PCR and sequencing errors (signal noise) was reproducibly lower than 0.07% for the four non-UMI libraries in

95% of the considered genomic positions (Table 1) and exactly 0.00% for the two UMI libraries in 95% of positions. However, numerous
PCR and sequencing error outliers were detected with higher allele frequencies of up to 0.28% in the four non-UMI libraries (Figure 2A
& Table 1) and up to 0.25% in the two UMI libraries with consensus filtering (Figure 2D & Table 1), after ensuring that the effective
sequencing depth at each considered position was at least 500 reads. The PCR and sequencing errors’ allele frequencies were higher
if lower effective sequencing depths were permitted. For the non-UMI libraries, stringent bioinformatic filtering reduced sequencing
depths and increased the allele frequency of the PCR and sequencing errors. On the other hand, for the UMI libraries, bioinformatic error
correction lowers the allele frequency of the PCR and sequencing errors, despite reducing the effective sequencing depth (Table 1). Of
particular note for those who are responsible for the specification and the costs of experiments: in our combination of Illumina and IDT
protocols, the mean effective sequencing depth in the PIK3CA target region was reduced 60-fold by the bioinformatic error-processing
of UMI libraries.

The known 0.13% PIK3CA p.E545K mutation can be used to calibrate the allelic frequencies obtained from the sequencing reads
(Supplementary Table 2) and then used to correct the allelic frequency of the PCR and sequencing errors. Table 2 shows the corrected
summary values. For the non-UMI libraries, the calibrated signal noise is up to threefold lower than before calibration, indicating high
levels of signal noise – probably PCR duplicates – at the PIK3CA mutation site and therefore at all sites. For the UMI libraries after
bioinformatic consensus filtering, the signal noise is nearly unchanged after calibration. This is confirmed by the more accurate tumor
allele frequency of 0.1% for the UMI-based error corrected sequences at the PIK3CA site compared with 0.4% from the libraries without
UMIs (Supplementary Table 2).

There are also three secondary results thatmay be of interest to a laboratory: first, whenUMI-based error correction bioinformatics are
used, the conventional quality criterion of a well-balanced ratio of forward–reverse sequences is not applicable (Supplementary Figure
1). This is a purely bioinformatic result after the UMI-based error correction because the original sequences are well balanced before
error correction. Second, in the non-UMI libraries, bioinformatic removal of redundant sequences (deduplication) was detrimental for the
signal-to-noise ratio because it reproducibly amplified the signal noise (Supplementary Table 3) but reduced the allele frequency of the
true mutation (Supplementary Table 2). Third, the PCR and sequencing errors’ allele frequencies were not improved in our normalization
sub-experiment (TruSeq 776-Norm, TruSeq 779-Norm), see Table 1 & Supplementary Table 3, suggesting that PCR error was not the
dominant contributor to the total sequencing error.

In conclusion, the mean loss of effective sequence depth in the UMI libraries after bioinformatic error correction is on the order
of 98.5%, requiring 60-fold deeper sequencing than for conventional non-UMI libraries. This problem is due to the small amounts of
cfDNA that are available from a human blood sample and the resulting 25 cycles of PCR that were needed in the UMI-based protocol. By
comparison, the original report by Schmitt and colleagues [8] on UMI-based error correction demonstrated its principle using 3 �g of input
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Figure 2. Allele frequency distributions of noncalibrated PCR and sequencing errors (signal noise) depending on kit and bioinformatic processing. The
plots show the signal-noise allele frequency (AF) ranges for the wild-type Horizon standard HD776, from targeted sequencing of the PIK3CAa coding
regions. The AFs are the ’as-is’ AFs, that is, without the HD779 mutation-based correction/calibration. The density plots include the 12.5%, 25%, 75%
and 87.5% quantiles. (A) Non–unique molecular identifier (UMI) library type TruSeq Nano, where only base calls with base quality >19 were considered.
Without calibration, the max AF is 0.28%; with calibration it is only 0.09%. The density plot shows a bimodal distribution of allele frequencies, which
might be explained by a large number of high-quality base calls with small AFs (left peak) and a slightly smaller number of lower quality base calls with
higher AFs (right peak), because the right peak nearly disappears when stringent base quality filtering is applied (see panel B). The right peak (higher
AFs) is not due to sequence duplication because a similar bimodal distribution can be seen after filtering duplicates or redundant sequences (data not
shown). (B) Non-UMI library type TruSeq Nano, where only highest quality read-pairs (all base qualities >31) were used for alignment and variant
calling. In the density plot, the majority of AFs are exactly zero, and a small peak can be seen at 0.05% AF. Of note, the max AF has risen from 0.28% to
0.8%, which is explained by the lower sequencing depth after stringent filtering. (C) UMI-library type TruSight Oncology, where conventional alignment
was performed without utilizing the UMIs for error correction or read deduplication. (D) UMI-library type TruSight Oncology, where the Illumina app was
used for UMI-based deduplication and error correction.

DNA and only 18–20 PCR cycles. Wewould obtain 3 �g of cfDNA from a hypothetical 1-l blood draw, which would have detrimental health
effects on every cancer patient except for the extremely rare elephant with cancer. A 10-ml blood draw from a human patient will result in
approximately 4–5ml of plasma and 40–50 ng of cfDNA. On the other side, Illumina sequencers need a certain loading concentration of
library, and a high number of PCR cycles is required in the library preparation of low-input samples. Therefore, the highly duplicated cfDNA
molecules will be collapsed to a small fraction after bioinformatic error correction. According to the product information, an increase
in sequencing depth will probably not greatly increase the sequence depth of UMI-collapsed consensus reads. Special care should be
given to optimization processes in the lab, especially the recovery in the cleanup steps, as well as hybridization and enrichment. Non-UMI
libraries have inherently higher signal noise and are less accurate with respect to allele frequency quantification. This means that the
allele frequencies of mutations detected with non-UMI-libraries should be calibrated with known tumor allele frequencies by including
reference DNA samples into each non-UMI NGS run. Regardless of library type, technical replication is recommended to identify whether
variants with low allele frequencies are PCR and sequencing errors. Ideally, control DNAs should be included, such as the Horizon cfDNA
set used here.

In summary, this article has identified advantages and drawbacks of two methods for detecting low-frequency alleles in liquid biop-
sies. At present, applications in cancer care are limited due to high cost. To provide real-life, broad clinical benefit to cancer patients,
more optimizations that ensure reliable results in a cost-efficient workflow are crucial.

Future perspective
Currently, cell-free DNA-based cancer tests are offered routinely in the USA for privately insured patients; in many other countries, they
are available for patients taking part in research studies. Molecular tumor boards (MTBs) are being initiated in cancer hospitals in many
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Table 2. Corrected allelic frequency summary of PCR or sequencing errors for libraries without a unique molecular identifier
(UMI) versus UMI libraries and bioinformatic nonfiltering versus filtering, after calibration with known 0.13% PIK3CA mutation
p.E545K (chr3: g.178936091G>A).
Type Library Filtering† Mean coverage‡ N§ AF¶ 95% quantile AF¶ max

Non-UMI TruSeq 776-1 — 55472 9902 0.02% 0.09%

phred >31 2160 7108 0.20% 1.65%

TruSeq 776-2 — 52573 9902 0.02% 0.08%

phred >31 1416 7108 0.24% 3.32%

TruSeq 776-Norm — 51340 9902 0.02% 0.08%

TruSeq 779-1 — 47552 9902 0.02% 0.06%

phred >31 789 7108 0.30% 1.62%

TruSeq 779-2 — 57491 9902 0.02% 0.08%

phred >31 1948 7108 0.21% 1.67%

TruSeq 779-Norm — 61746 9902 0.02% 0.07%

UMI Oncology 776 — 36786 9963 0.05% 0.30%

Consensus 602 7141 0.00% 0.30%

Oncology 779 — 48924 9963 0.05% 0.33%

Consensus 670 7141 0.00% 0.30%

†Filtering: phred >31 filtering considered only read-pairs with base quality >31 for all bases in the read-pair. Consensus filtering with the Illumina UMI app collapsed duplicate reads
with identical UMIs to a consensus read.
‡Mean depth: considered the entire coding region of PIK3CA but counted only bases with at least phred >19.
§N: number of observations (genomic positions in PIK3CA with sequencing depth at least 500× in all libraries of the same type).
¶AF: Allele frequency of the PCR and sequencing errors, the computation of which considered only those genomic coordinates with aminimal sequencing depth of 500× in libraries
of the same group (TruSeq unfiltered, TruSeq filtered, Oncology unfiltered, Oncology filtered). The AF values in this table have been corrected using the known PIK3CA AF of 0.13%
versus the sequenced AF in the HD779 DNA. The two methods with the smallest PCR and sequencing errors’ AFs are highlighted in bold: non-UMI TruSeq libraries without filtering
or UMI Oncology libraries with consensus filtering.

countries, following themodel established by leading cancer centers in the USA. TheMTBs discuss individual patient cases for potential
individualized treatment after exhaustion of standard treatments, such as for the choice of a suitable clinical trial. An ever-increasing
portfolio of drugs and drug combinations is being tested on cancer patients in clinical trials, somewithmutation-based inclusion criteria.
Tissue biopsy has been the gold standard for mutation detection, but the clear advantages of liquid biopsy in longitudinal monitoring of
resistance mechanisms with the representativeness of all tumor sites will have a major impact in the field of individualized treatment in
the coming years. From our past experience, the cost of high-fidelity blood-based cell-free DNA cancer tests is likely to drop to a 10th of
the current costs, allowing their widespread use, for example, for monitoring the therapy response of advanced-stage cancer patients
and detecting minimal residual disease after cancer surgery. Many of the clinical guidelines will be updated with recommendations for
cell-free DNA testing, based on currently ongoing clinical studies that are exploring the clinical utility of these tests. In approximately
10 years, cost–benefit analyses by public health systems and their professional societies are likely to be completed in all EU countries,
defining the indications for which patients with a public health insurance will be entitled to receive free high-fidelity cell-free DNA-based
cancer tests. It seems most likely that the methods race will be won by UMI-based sequencing and error-correction methods, using
a highly automated high-fidelity sequencing platform that will have a hundred times more sequence output than the current largest
instruments.
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Liquid Biopsy in Gastric Cancer: Analysis of Somatic
Cancer Tissue Mutations in Plasma Cell-Free DNA for
Predicting Disease State and Patient Survival
Greta Varkalaite, MSc1, Michael Forster, PhD2, Andre Franke, PhD2, Juozas Kupcinskas, MD, PhD1,3 and Jurgita Skieceviciene, PhD1

INTRODUCTION: Gastric cancer (GC) diagnosis in late stages andhighmortality rates are themain issues that require new

noninvasive molecular tools. We aimed to assess somatic mutational profiles in GC tissue and plasma

cell-free DNA (cfDNA), evaluate their concordance rate, and analyze the role of multilayer molecular

profiling to predict disease state and prognosis.

METHODS: Treatment-naive GC patient group (n5 29) was selected. Whole exome sequencing (WES) of GC tissue

was performed, and a unique 38-gene panel for deep targeted sequencing of plasma cfDNA was

developed. Oncoproteins were measured by enzyme-linked immunosorbent assay, and other variables

such as tumor mutational burden and microsatellite instability were evaluated using WES data.

RESULTS: The yield of cfDNAwas increased 43.6-fold; the integrity of fragments was decreased in GC comparedwith

controls. WES analysis of cancerous tissue and plasma cfDNA (targeted sequencing) mutational profiles

revealed 47.8% concordance. The increased quantity of GC tissue–derived alterations detected in cfDNA

was associated with worse patients’ survival. Analysis of importance of multilayer variables and receiver

operating characteristic curve showed that combination of 2 analytes: (i) quantity of tissue matching

alterations and (ii) presence of any somatic alteration in plasma cfDNA resulted in area under curve 0.744

when discriminating patients with or without distant metastasis. Furthermore, cfDNA sequence alterations

derived from tumor tissue were detected in patients who had even relatively small GC tumors (T1-T2).

DISCUSSION: Our results indicate that quantitative and qualitative cfDNA mutational profile analysis is a promising

tool for evaluating GC disease status or poorer prognosis.

SUPPLEMENTARY MATERIAL accompanies this paper at http://links.lww.com/CTG/A679, http://links.lww.com/CTG/A680, http://links.lww.com/CTG/A681, http://

links.lww.com/CTG/A682, http://links.lww.com/CTG/A683, http://links.lww.com/CTG/A684, http://links.lww.com/CTG/A685, http://links.lww.com/CTG/A686, and

http://links.lww.com/CTG/A687.

Clinical and Translational Gastroenterology 2021;12:e00403. https://doi.org/10.14309/ctg.0000000000000403

INTRODUCTION
Gastric cancer (GC) is one of the most common and lethal
oncological diseases of the gastrointestinal tract worldwide
because it is usually diagnosed at an advanced stage because of
asymptomatic course of the disease (1). It is a complex disease
arising from the interaction of environmental and host-
associated factors (2,3), and conventional diagnostic tech-
niques or current molecular biomarkers have a very limited
role for early diagnosis of GC (4,5). Thus, minimally invasive
biomarkers that would help to determine specific molecular
spectra for diagnostic and prognostic purposes are highly
needed.

Improving technologies have enabled a more comprehensive
molecular analysis in the body fluids of patients with cancer and have
revealed that circulating tumor–derived molecules could provide
multilayer molecular information suitable for cancer diagnostics,
prognosis, or even response to therapy (6–8). The currently available
studies analyzing ctDNAalterations inGC focuson a limitednumber
of well-known oncogenes such asTP53 (6) andHER2 (9–11). On the
other hand, studies implementing high-throughput technologies
such as new generation sequencing (NGS) are still very scarce and
have been mostly conducted in Asian populations (12–14).

In this study by using cancer tissue whole exome sequencing
(WES), we developed custom 38-gene panel and performed cfDNA
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deep targeted sequencing in plasma samples.Wewere able to identify
somatic alterations in cfDNA in a solid proportion of the patientswith
GC, including patients with early disease stages. Moreover, we per-
formed multicomponent analysis for GC using machine learning on
various analytes including cfDNA and oncoproteins. Our study sug-
gests that qualitative and quantitative analysis of somatic variants in
the plasma cfDNA might be a promising approach when discrimi-
nating patients based on disease state and even predict survival.

MATERIALS AND METHODS
Patient samples

Treatment-naive GC patients (n 5 29) were recruited at the De-
partment of Gastroenterology, Lithuanian University of Health
Sciences Hospital during the period of 2015–2018. Clinical and
demographic characteristics of patients are summarized inFigure 1
(see also Supplementary Table 1, Supplemental Digital Content 1,
http://links.lww.com/CTG/A679). Paired tissue and plasma sam-
ples were collected at the same time point. Tumor tissue samples
were obtained from the primary lesion during gastroscopy or
surgical tumor removal. Peripheral blood was collected using
K2EDTAtubes (10mL; Becton,Dickinson andCompany, Franklin
Lakes, NJ) for cfDNA extraction (double centrifugation protocol
within 2 hours of blood draw) and serum separator tubes (5 mL;
Becton, Dickinson, and Company) for serum separation. The
control group (n5 20) consisted of self-reported healthy subjects
without a history of cancer. All subjects providedwritten informed
consent. Research was approved by the Kaunas Regional Bio-
medical Research Ethics Committee (No. BE-2-10, May 8, 2011,
and No. BE-2-31, June 5, 2018, Kaunas, Lithuania).

Isolation of nucleic acids

Genomic DNA (gDNA) from the primary GC lesion was isolated
using the AllPrep DNA/RNA Mini Kit (Qiagen, Hilden, Ger-
many), and gDNA from white blood cells (WBC) was isolated
using salting-out method. Total circulating nucleic acids from
plasma were extracted using QIAamp Circulating Nucleic Acid
isolation kit (Qiagen). All isolations of nucleic acids were per-
formed according to the manufacturers’ protocols. cfDNA yield
and fragment size were evaluated using TapeStation 2200 system
(Agilent Technologies, Santa Clara, CA). Tumor cfDNA fraction
was calculated according tomeanmutant allele frequency (MAF)
in each patient’s plasma sample.

Library preparation of whole exome and targeted NGS

Pair-end (23 100 bp) sequencing libraries of GC tissue and
matchedWBCsampleswere constructedusing the IlluminaTruSeq
NanoDNALibraryPrepKit (Illumina, SanDiego,CA) according to
the manufacturer’s recommendations. gDNA libraries for exome
sequencing were captured using the Integrated DNA Technologies
xGenExomeResearchPanel andhybridization reagents (Integrated
DNA Technologies, Coralville, IA). Pair-end (23 150 bp) se-
quencing libraries from plasma cfDNA samples were constructed
using TruSight Oncology Unique Molecular Identifier (UMI) Re-
agents (Illumina). cfDNA was captured using Integrated DNA
Technologies xGen Custom Panel consisting of 38 GC-associated
mutated genes (see Supplementary Table 2, Supplemental Digital
Content 2, http://links.lww.com/CTG/A680). All libraries were se-
quenced on theNovaSeq 6000 platform (Illumina) according to the
manufacturer’s instructions. The on-target sequence depth metrics
are presented in Supplemental Table 3 (see Supplementary Digital
Content 3, http://links.lww.com/CTG/A681).

Variant calling and development of custom gene panel for

targeted sequencing

The GATK Best Practices paired-sample workflow (15) for so-
matic short variant discovery was used for the GC tissue exome
analysis (human genome reference build hg19). Variants were
called using GATK4Mutect2 and annotated using Ensembl-VeP
(v96.0) (16). Microsatellite instability (MSI) from WES data was
evaluated using MSIsensor (17). Tumor mutational burden
(TMB) was defined as the quantity of somatic mutations in the
coding region per megabase (Mb) (18).

Filtering of somatic variants and selection of GC-related genes
for cfDNA custom targeted sequencing panel was performed
using following criteria: (i) prevalence of the mutation in general
population,1%; (ii) protein coding nonsynonymous, annotated
as having high impact; (iii) Combined Annotation Dependent
Depletion score .30; (iv) excluding variants that are present in
100% of the samples; and (v) variant supported with coverage$2
in both forward and reverse directions.

Plasma cfDNA targeted sequencing analysis was performed
using the Illumina UMI Error Correction App (v1.0.0.1), and
variants were called using GATK4 Mutect2 and annotated using
Ensembl-VeP (v96.0) or SnpEff (v4.3.1t) (19). All detected so-
matic variants were validated using the integrative genomics
viewer (v2.5.3) (20).

Assessment of serum Carcinoembryonic Antigen, CA 19-9, and

Cancer Antigen 72-4 level

Serum level of oncoproteins was measured by enzyme-linked im-
munosorbent assay (ELISA): Human Carcinoembryonic Antigen
(CEA) ELISA Kit (ab99992; Abcam, Cambridge, UK), Human
Cancer Antigen CA 19-9 ELISA Kit (ab108642; Abcam), and
Human Cancer Antigen 72-4 (Tumor Marker CA724) ELISA Kit
(E-EL-H0613; Elabscience, Wuhan, China). All analytical proce-
dures were performed according to manufacturers’ instructions.

Statistical analysis

Statistical analysis and data visualization was performed using R
Studio (R version 3.3.3). Comparison of total cfDNA yield was
evaluated by 2-sided t test orMann-WhitneyU test depending on
the data distribution. Correlation analysis was performed using
the Spearman rank-order correlation analysis. Multivariate
comparison was performed using ANOVA, and 2 groups were
compared using x2 or Fisher exact tests (2-sided). MAF analysis
was conducted using maftools package (Bioconductor) (21).
Gene list pathway enrichment analysis was performed using the
PANTHER Gene List Analysis tool (22). Random forest analysis
of the prediction variables' importance was performed using the
Boruta and randomForest packages (23,24). Survival analysis was
performedusing theKaplan-Meiermethod andCoxproportional
hazards model.

RESULTS
Total cfDNA yield and size of the fragments differ between GC

cases and controls

Total cfDNA yield (fragments from 100 to 1,000 bp, Figure 2a)
was compared with GC clinical features and patients’ character-
istics. As expected, a significantly higher amount of total cfDNA
was detected in patients with GC (87.59 ng per ml of plasma)
compared with controls (2.01 ng per ml of plasma) (W5 0, P5
7.07 3 1014) (Figure 2b). Moreover, the analysis of total cfDNA
yield revealed positive significant correlation with serum CEA
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levels (see Supplementary Figure 1, Supplemental Digital Content
4, http://links.lww.com/CTG/A682).

Analysis of total cfDNA fragmentation revealed that the yield of
all nucleosomal fragments was increased in the GC group com-
pared with control: (i) mononucleosomal fragments: 61,572.60 vs
1,193.94 pg/mL (W 5 0, P 5 7.07 3 10214); (ii) dinucleosomal
fragments: 21,373.82 vs 437.80 pg/mL (W5 1, P5 1.423 10213);
and (iii) trinucleosomal fragments: 16,086.52 vs 367.03 pg/mL (W
5 5,P5 1.34310212) (Figure 3a). The length of the fragmentswas
shorter in the GC group compared with control: (i) mono-
nucleosomal: 73 vs 125 bp (W 5 568, P 5 1.60 3 1028) and (ii)
dinucleosomal: 349 vs 259 bp (W 5 432.5, P 5 1.06 3 1027)
(Figure 3b).

Custom gene panel developed according to the mutational

spectra of GC tissue

TheGC tissuemutational spectra fromWES data are presented in
Supplementary Figure 2 (see Supplemental Digital Content 5,
http://links.lww.com/CTG/A683). In total, 23 of 29 patients with
GC (79.31%) had somatic mutations that passed the previously
described selection criteria. On average, alteration-positive tissue
samples had 8.4 somatic mutations (range from 1 to 23) in genes
included in our custom panel. Variant allele frequencies (VAFs)
ranged from 2.8% to 87.1%. Distribution of variant classifications
and types is presented in Figure 4a,b. The top 10 most frequently
mutated genes are shown in Figure 4f. Based onWES results, a 38-
gene panel for very deep targeted sequencing of plasma cfDNA
was designed. All somatic mutations of 38 genes included in our
panel in tissue samples are presented in Supplementary Table 4
(see Supplemental Digital Content 6, http://links.lww.com/CTG/
A684).

Mutational spectra of plasma cfDNA are associated with tumor

size and survival of the patients with GC

Deep sequencing (40,0003 raw coverage) of our custom gene
panel was performed for plasma cfDNA samples only. Venn

diagram shows the number of detected variants in tissue and
plasma (Figure 5).

Overall, somatic cfDNA alterations were observed in 21 of 23
patients with alteration-positive GC tissue samples (91.3%)
(Figure 5; Supplementary Table 5 [see Supplemental Digital
Content 7, http://links.lww.com/CTG/A685]). On average, 5.4
somatic variants per sample were detected in plasma cfDNA of
patients with GC (range from 1 to 14). Tissue matching cfDNA
alterations were detected in 11 of 23 alteration-positive GC tissue
samples (47.8%) (Figure 5). On average, 3.5 tissue matching so-
matic variants in plasma cfDNAwere detected per sample (range
from 1 to 12).

Next, we compared the quantity of tissue matching somatic
variants in plasma cfDNAwith GC clinical features and analyzed
correlation with total cfDNA yield, serum level of oncoproteins,
and age. Concordantly with literature (25,26), the quantity of
unique somatic alterations detected in tissue and plasma and the
quantity of tissuematching alterations in plasma revealed positive
moderate correlation with age (tissue: R 5 0.47, P 5 0.012;
plasma: R 5 0.4, P 5 0.035; matching variants: R 5 0.38, P 5
0.048 [see Supplementary Figure 4, Supplemental Digital Content
8, http://links.lww.com/CTG/A686]). Our analysis revealed that
cfDNA sequence alterations derived from tumor tissue were
detected significantly more often in samples of the patients with
larger tumors (T3-T4—55.6% and T1-T2—10.0%, x25 5.59, P5
0.018) (Figure 6a) and in patients with distal metastasis (not
significantly) (45.5% and 37.5%, M1 and M0, respectively, x2 5
0.17, P value5 0.679) (Figure 6b). Survival analysis showed that
patients without sequence alterations in cfDNA had a median
survival time (MST) of 803 days, whereas MST for patients with
1–2 cfDNA sequence alterations was 469 days. MST for patients
with 3–6 cfDNA sequence alterations and more than 6 cfDNA
sequence alterations was 315 and 44 days, respectively (P value5
0.008) (Figure 6c). In addition, Cox proportional hazards model
for the survival analysis was used. Model included not only tissue
matching somatic variants detected in plasma but also patients’
demographics and tumors characteristics: age, gender, and size of

Figure 1.Characteristics of patients with GC (n5 29). A bar graph representing the proportion of patients in each section. GC, gastric cancer; HER, human
epidermal growth factor receptor; MSI, microsatellite instability.
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the primary tumor based on tumor–node–metastasis staging.
Results showed slight gender impact on survival estimation (padj
5 0.0410) and significant effect of more than 6 variants detected
in plasma (padj 5 0.0186) for shorter lifespan.

Qualitative and quantitative analysis of somatic variants in

plasma discriminates patients with distant metastases

The role ofmultilayermolecular profiling in the discrimination of
patients with larger tumors (T3-T4) and distant metastases was
evaluated by including analytes such as concentration of onco-
proteins CA 19-9, Cancer Antigen 72-4, CEA, MSI status, TMB,
quantity of somatic mutations (unique or matching the tumor
tissue), presence or absence of somatic mutations (unique or
matching the tumor tissue), and specific mutations of the most
mutated genes. Our analysis revealed that the quantity of tissue
matching variants and the presence of any somatic alteration in
plasma cfDNA was shown to be significant for discrimination

between M0 and M1 groups (classification analysis resulted in
area under curve 5 0.744).

DISCUSSION
In this study, we present a robust analysis of liquid biopsy for GC
using circulating plasma cfDNA. We show that somatic muta-
tions determined by WES in GC tissues can be tracked in the
blood of patients with GC. Furthermore, our study suggests that
qualitative and quantitative analysis of somatic variants in the
plasma cfDNA might be a promising approach to discriminate
patients with advanced disease.

Raised cfDNA levels were first reported in the serum of pa-
tients with cancer in 1977 (27). However, it was shown that
concentration of cfDNA could increase because of number of
physiological conditions, andmore specific analysis of circulating
nucleic acids is needed. Circulating tumor DNA can be detected
in any body fluids, does not require additional analysis tools such

Figure 2. (a) Representative electropherogram of cfDNA sample. Fragment size of cfDNA ranges from 100 to 1,000 bp, with themain peak around 170 bp;
(b) yield of plasma total cfDNA (ngperml of bloodplasma) in control (n520) andGC (n529) samples. A 43.6-fold increase of cfDNAyieldwas determined
in the GC patient group (P5 7.07 3 10214). Results are shown on logarithmic scale. cfDNA, cell-free DNA; GC, gastric cancer.

Figure3. (a) Yield ofmononucleosomal, dinucleosomal, and trinucleosomal fragments (pg perml of plasma) in control andGCpatients’ groups. Statistically
significant increase of all cfDNApeakswas observed for patientswithGC (P57.07310214,P51.42310213, andP51.34310212,mononucleosomal,
dinucleosomal, and trinucleosomal peaks, respectively); (b) size of mononucleosomal, dinucleosomal, and trinucleosomal fragments of cfDNA in control
and GC patients’ groups. Mononucleosomal and dinucleosomal cfDNA peaks of the patients with GC were significantly shorter compared with control
cfDNA samples (P5 1.603 1028 and P5 1.06 3 1027, respectively). cfDNA, cell-free DNA; GC, gastric cancer.
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Figure 4. Summary of the mutational spectra (only genes from custom gene panel) in gastric cancer tissue samples: (a) absolute variant class values, the
most common variant class wasmissensemutations; (b) absolute variant type values, themost common variant type detected was SNPs; (c) distribution of
various SNV substitutions, C. Tsubstitutions were detected the most frequently; (d) absolute numbers of variants per sample, the dashed line shows the
mean quantity of somatic variants per sample (8.39); (e) mean distribution of variant classes per sample, on average, missense mutations were most
frequent; (f) top 10mutated genes, x axis: absolute numbers (samples), percentages calculated from all somatic variants detected; and (g) oncoplot of the
mutated genes in gastric cancer tissue samples, showingmutated genes and distribution of variant classes per sample. Color codes in (d-g) graphs are the
same as in (a). DEL, deletion; INS, insertion; SNP, single nucleotide polymorphism; SNV, single nucleotide variant.
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as cell sorting as in the case of circulating tumor cell analysis, and
has a very high clinical potential: applications from noninvasive
genomic analysis of cancer, quantification of disease burden, dis-
ease burden monitoring, and clonal evolution. Despite the recent
effort (The Cancer Genome Atlas Research Network) (28), there is
still highneed formore appropriate gene panels for cfDNAanalysis
which could be implemented in the routine diagnostics. To analyze
wide molecular spectra and investigate genetic alterations in the
GC patient group of the European descent, we performedWES for
tumor tissue and WBC samples. Twenty-three of 29 patients with
GC (79.31%) had cancer-associated somatic alterations detected in
tissue. All mutated genes were previously associated with gastric
tumorigenesis and reported in the Catalogue Of Somatic Muta-
tions In Cancer database (29). Signaling pathway enrichment
analysis revealed that genes which we found to be mutated were
involved in Wnt and cadherin pathways (see Supplementary Fig-
ure 3, Supplemental Digital Content 9, http://links.lww.com/CTG/
A687) (30). Based on ourWES results, a custom 38-gene panel for
deep targeted sequencing of plasma cfDNA was designed. To the
best of our knowledge, this is the first study conducted in patients
with GC which implemented UMI error correction and deep se-
quencing for accurate cfDNA mutational analysis. This approach
allowed us to determine somatic alterations in plasma cfDNA
samples for 21 of 23 alteration-positive tissue samples (91.3%) and
tumor tissue matching alterations for 11 of 23 alteration-positive
tissue samples (47.8%).By comparison, previously reportedplasma
ctDNAmutational concordance with tissue ranged from 33.9% to
58% (8,13,14), and the differences could be explained by GC tissue
molecular heterogeneity (31).

Furthermore, we have compared the quantity of tissue
matching alterations detected in plasma cfDNA with different
clinical features. In concordance to other studies, the analysis has
revealed that alterations derived from tumor tissue were detected
significantly more often in samples from the patients with more
advanced tumors (6,8) and could be associated with worse sur-
vival (8). But, our data also indicated that even relatively small GC

tumors (10% of T1-T2) could shed detectable amounts of ctDNA
into the blood stream. Multicomponent analysis of variable im-
portance based on machine learning algorithms showed that
combination of quantity of tissue matching alterations in cfDNA
and presence of any somatic alteration in plasma cfDNA was the
most accurate when discriminating patients with distalmetastasis
(area under curve5 0.744). However, it is important to note that
more than a third of gastric tumors without distant sitemetastasis
still gave rise to detectable cfDNA molecules carrying somatic
alterations. Therefore, we believe that an ability of our custom
cfDNA panel to detect even a fraction of patients with non-
advanced tumors (early stages or without metastasis) could im-
prove early cancer detection and increase survival rates (32).
Studies report strong correlation between tumor-derived cfDNA
detection rates and stage of tumors and in concordant with our
findings show that detection rate is around 30% for tumors
without distant metastasis (6,8,33,34). Moreover, survival anal-
ysis revealed that an increased quantity of somatic mutations in
plasma cfDNA is associated with the worse patient’s survival.
Well-known cancer diagnostic analytes (MSI status, TMB, and
oncoproteins) did not reveal any significant impact in our vari-
able importance analysis or our discrimination analysis. These
findings support the great need of new minimally invasive mo-
lecular markers for GC diagnosis and disease state monitoring.

In addition, we observed that the total cfDNA yield is in-
creased in patients with GC. The higher total cfDNA yield in GC
is consistent with previous studies of gastrointestinal cancers
(35–38). Although results of various studies show that levels of
oncoproteins such as CEA hardly correlate with clinicopatho-
logical features (39,40), we found moderate positive correlation
with total cfDNA yield and serum CEA levels for patients with
GC. The logical explanation for this correlation could be that
increased levels of both total cfDNA yield and CEA are observed
during tumorigenesis. In the analysis of cfDNA fragment dis-
tribution, we showed that the higher total cfDNA yield in GC
affected all fragment sizes and mononucleosomal and dinu-
cleosomal fragments were smaller in the patients with GC
compared with the control. This observation supports the
hypoxia theory: Rapidly growing tumor cells lack oxygen;
hypoxia induces necrosis which leads to phagocytosis of tumor
cells and DNA fragment release to the blood stream.

The study has some limitations. Study sample size is small;
however, study population was well clinically defined and tested
for many clinically relevant variables. Healthy controls’ plasma
cfDNA was not sequenced while healthy controls usually have a
very low total cfDNA yield and extremely low ctDNA fraction.
This could result to inconsistencies and sequencing errors. Al-
though the gene panel was not evaluated in the independent
validation group, all variants were manually checked on in-
tegrative genomics viewer.Nevertheless, we believe that this study
adds very important new data for the development of clinically
relevant liquid biopsy tools in patients with GC.

In conclusion, sequencing-based approaches have the ad-
vantage of being flexible and capable of detecting a wide range of
aberrations in tumor genomes. Therefore, in this study,WES was
performed to analyze the GC tissue mutational profile and to
develop a custom panel for cfDNAmutational profile analysis. It
is important to note that by using our gene panel and UMI cor-
rection, we were able to detect tumor-derived cfDNA even for
small tumors and tumors without distant metastasis and identify
a solid proportion of patients with GC carrying somatic

Figure 5. Venn diagram shows the quantity of unique and shared somatic
alterations detected in GC patient tissue and plasma samples. Genes listed
represents top 10 mutated genes in each case (tissue only, plasma only,
and shared) and their frequency. GC, gastric cancer.
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alterations in plasma cfDNA. We found that the quantity of so-
matic alterations could be associated with overall patients’ sur-
vival. Further investigation of plasma cfDNA could implement
larger cohorts of the patients with GC and analysis of MAF in
cfDNA at different disease time points and/or disease status (e. g.

relapse or remission). The implementation of plasma cfDNA
analysis into routine cancer testing is still technically challenging,
and more population-based screening studies are still needed.
However, given the progress in NGS technology and new meth-
ods of processing complex data, tumor-derived cfDNA even

Figure 6. (a) Proportion of positive and negative samples with matching tissue and plasma cfDNA alterations comparing groups of T1-T2 and T3-T4.
Approximately 10.0%of T1-T2 GC patients and 56.0%of T3-T4 GC patients had a detectable amount of circulating tumor DNA; difference was statistically
significant (P5 0.018); (b) proportion of positive and negative samples with matching tissue and plasma cfDNA alterations comparing groups of M0 and
M1. Approximately 37.0% of the GC without distant metastasis and 45.0% of GC with distant metastasis had a detectable amount of tumor cfDNA;
difference was not significant (P5 0.679); (c) Kaplan-Meier survival analysis of patients with GC with 0 (pink line), 1–2 (green line), 3–6 (orange line), or
more than 6 (blue line) tissue matching alterations detected in plasma cfDNA. Average survival in days decreases gradually when comparing patients with
increasing quantity of mutations (P5 0.008). cfDNA, cell-free DNA; GC, gastric cancer.
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today shows potential clinical utility as a noninvasive analyte for
the characterization of an individual patient’s tumor genome.
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Study Highlights

WHAT IS KNOWN

3 gastric cancer (GC) diagnosis in late stages and highmortality
rates indicate the need for new molecular tools.

3 Conventional diagnostic techniques or current molecular
biomarkers have a very limited role for early diagnosis of GC.

3 Tumor-derived DNA (ctDNA) found in plasma of patients with
cancer carry genetic information of the tumor which could be
assessed by minimally invasive way.

WHAT IS NEW HERE

3 By using GC tissue whole exome sequencing, we developed a
custom 38-gene panel and performed cfDNA deep targeted
sequencing in plasma samples.

3 This unique gene panel enabled to identify a solid proportion
of patients with GC carrying somatic alterations in plasma
cfDNA, including patients whose disease was in early stages.

3 Multilayer molecular machine learning–based analysis
indicated that the quantity of tissuematching variants and the
presence of any somatic alteration in plasma cfDNA is
significant for discrimination between M0 and M1 groups.
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